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This PhD project was performed at facilities on the site of the Belgian Nuclear Research Centre 
SCK CEN (Mol, Belgium) in collaboration with Ghent University (Ghent, Belgium), and was 
focused on developing an analytical method to characterize spent nuclear fuel (SNF) using high 
pressure ion chromatography (HPIC) coupled to a double focusing single collector sector field 
inductively coupled plasma-mass spectrometer (SF-ICP-MS). 
Determining the isotopic and elemental composition of SNF, that is fuel which has undergone 
irradiation in a nuclear reactor, is essential for nuclear waste management and for evaluating 
the performance of the fuel. Post-irradiation examination of SNF includes destructive analysis 
for the determination of the mass fractions of long-lived actinides and lanthanides (fission 
products). The long-lived or stable nature of the nuclides of interest makes ICP-MS a more 
suitable method for their analysis and the method of choice for this work, rather than counting 
for example by using alpha-spectrometry. Isotope dilution mass spectrometry can be used as a 
primary method for determining mass fractions of uranium (U), plutonium (Pu) and neodymium 
(Nd), with the best precision and accuracy based on isotope ratio (IR) measurements using ICP-
MS or, alternatively, by thermal ionization mass spectrometry (TIMS) in combination with 
alpha-spectrometry (e.g. for 238Pu). SF-ICP-MS is a single detector ICP-MS instrument well 
known for its flat top spectral peaks at low mass resolution, which increase the precision of IR 
measurements compared to quadrupole ICP-MS. Coupling HPIC on-line with ICP-MS (not 
possible with TIMS and alpha-spectrometry) offers a fast, and precise way to eliminate 
notorious isobaric interferences whilst reducing the analyst’s exposure to radiation. The 
literature reports HPIC coupling to various types of ICP-MS instruments for the 
characterization of SNF. However, the overall precision obtained with isotope dilution when 
using HPIC coupled with a single detector SF-ICP-MS to determine the concentrations of U, 
Pu, Nd and Gd in SNF from one injection has not been reported previously. Therefore, the aim 
of this work was to separate U, Pu, Nd and Gd and to determine their mass fractions in SNF by 
means of isotope dilution HPIC-SF-ICP-MS. To accomplish this, the work was divided into 
four objectives as follows:  
(1) Develop and validate a separation method for U, Pu and the lanthanides from one injection 
using HPIC-SF-ICP-MS. The first objective was tackled in different steps where, at each step, 
simulations with the Hydra/Medusa software package were performed to predict the complexes 
in solution. All Pu species in the sample had to be oxidised into Pu(VI) prior to the injection of 
the sample onto the column. 
(2) Optimize the acquisition parameters with the SF-ICP-MS set-up and select a calculation 
method to obtain the most precise IR measurements. This optimization was accomplished by 
investigating different acquisition parameters with repeated injections of a Nd standard of 
natural isotopic abundance. Four mass windows (2, 25, 50 and 150 %), two dwell times (10 and 
30 ms) and two different numbers of isotopes monitored per run (2 and 7) were investigated. 
At the same time, the three IR calculation methods most commonly reported in the literature 
were compared for their accuracy and precision, namely linear regression slope (LRS), point 
by point (PbP) rationing and peak area integration (PAI). 
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(3) Characterize two types of SNF (UOx and “Gd fuel”) using isotope dilution HPIC-SF-ICP-
MS. Isotope dilution parameters (other than those investigated in the second objective) had to 
be optimized for on-line determination of Pu, Nd and Gd elemental mass fractions and a 
separate off-line determination of the U mass fraction in two types of SNF. This optimization 
included determining the lowest error magnification factor to obtain the most precise IR in the 
blend. 
(4) Determine the overall uncertainty budget of isotope dilution HPIC-SF-ICP-MS, to compare 
this developed method to the ISO 17025 accredited isotope dilution TIMS & alpha-
spectrometry method, which is currently used at SCK CEN. Uncertainty calculations were 
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α-HIBA Alpha-hydroxyisobutyric acid  
ASTM American Society for Testing and Materials 
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CE Capillary electrophoresis  
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Name Symbol Description 
Bar bar Unit of pressure equal to 100,000 Pa. 
Barn b Unit used in particle physics to express the cross sectional area of 
nuclei. A barn is equal to 10-28 m2. 
 
Becquerel Bq SI unit of the activity referred to a radionuclide. Becquerel is the 
rate of radioactive decay of an unstable nuclide and is equal to one 
reciprocal second. 
 
Electron volt eV Kinetic energy acquired by an electron in passing through a 
potential difference of one volt in vacuum. An eV is equal to 
1.602176634 · 10-19 J. 
 
Equivalent equiv Unit for an amount of a substance in solution and is equal to the 
number of moles of an ion in solution multiplied by the valence of 
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u Unit equal to 1/12 of the mass of a free carbon 12 atom, at rest and 
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Chapter 1 – Introduction and objectives 
 
This first chapter provides a general overview of spent nuclear fuel (SNF), its management and 
characterization methods. The aim and objectives of this work will also be outlined in this 
chapter. 
1.1 Spent nuclear fuel 
SNF is part of the radioactive waste generated in nuclear power plants. According to the 
International Atomic Energy Agency (IAEA), SNF refers to fuel assemblies discharged from 
nuclear reactors after irradiation [1]. The nuclear fuel currently used in most reactors is based 
on uranium oxide with different enrichment values, depending on the reactor type. For example, 
the fuel used in light water reactors, such as pressurized water reactors (PWR) (Figure 1.1) and 
boiling water reactors, is enriched in 235U up to 5 wt. %, while pressurized heavy water reactors 
use natural (~ 0.7 wt. % 235U) or slightly enriched (up to 1.2 wt. % 235U) uranium. After its 
mining, uranium is converted to uranium hexafluoride, which is in gaseous form, to be enriched 
[2]. After enrichment, uranium hexafluoride is converted to uranium dioxide (by “dry” or “wet” 
chemical processes [2]), which is subsequently compressed into fuel pellets (10 mm in diameter 
and 10-15 mm in height) which are then stacked into long tubes around 3-5 m in length, made 
of Zircaloy to make fuel rods for PWRs [3]. Zircaloy is an alloy of more than 95 wt. % 
zirconium, which has a very low absorption cross-section for thermal neutrons, high hardness 
and is durable and corrosion-resistant. Fuel rods (as many as 150 to 260) are grouped together 
into a specific geometry (square or hexagonal cross-section) using spacers to form a fuel 
assembly (Figure 1.1). Typically, a 1000 MWe PWR contains between 120 and 200 fuel 
assemblies. As shown in Figure 1.1, in a PWR, the reactor and steam generators are contained 
in a reinforced concrete structure (concrete and stainless steel) to protect these components 
from outside elements and to contain the radiation in case of any major accident. 
 
Figure 1.1 Schematic representation of a PWR (left) [4] and a PWR fuel assembly (right) [2] 
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When struck by a thermalized neutron, 235U becomes unstable and undergoes fission. During 
fission, the 235U atom splits into two smaller atoms, called fission products, having masses of 
around 95 and 140 atomic mass units (Figure 1.2), and releasing heat and 2 to 3 neutrons, which 
can support a fission chain reaction. To control a fission chain reaction, fissile material, 
neutrons, and material to slow down/retain neutrons are required. To sustain a fission chain 
reaction, neutrons are slowed in the reactor core by a moderator, which is usually water, but 
can be heavy water or graphite. To control or halt a fission chain reaction, neutron absorbers 
can be used in liquid form, such as boric acid dissolved in the primary water circuit, or in solid 
form, such as control rods (containing hafnium, boron or cadmium) or a burnable poison with 
high neutron absorption cross-section (such as gadolinium) can be included in the fuel to limit 
the excess reactivity. Liquid and solid neutron absorbers can also be used in combination to 
control the number of neutrons in a nuclear reactor. The neutron multiplication in a fission is 
characterized by the parameter k, defined in eq. 1.1 where η is the number of neutrons produced 
in a fission to the number of neutrons absorbed, 𝜖 is the fast fission factor, which is the ratio of 
the total number of neutrons produced by all fissions to that of slow neutron fission, p is the 
resonance escape probability, which is the probability that neutrons avoid being captured and 
reach thermal energies where they may cause fission, f is the thermal utilization, which is the 
ratio of thermal neutrons absorbed in the fuel to the total number of thermal neutrons absorbed 
and pfnl and ptnl are the probabilities of fast and thermal neutron non-leakage, respectively [5]. 
A reactor is critical and has a constant power when k = 1, is supercritical and its power increases 




= 𝜂. 𝜖. 𝑝. 𝑓. 𝑝𝑓𝑛𝑙. 𝑝𝑡𝑛𝑙 (eq. 1.1) 
Nuclear fuel is considered “spent” when it no longer contains enough 235U atoms to sustain the 
fission chain reaction. This can happen 3 to 7 years after fuel loading, depending on the fuel 
and its location in the reactor core. Neutron capture by 238U leads to the formation of plutonium 
and transuranic elements called minor actinides, such as neptunium, americium and curium, 
which can also undergo fission. SNF is highly radioactive as it emits alpha, beta, gamma and 
neutron radiation. The radiation level of SNF decreases over time as the radioactive elements 
decay. There are three main sources of radiation in SNF. These are (1) radioactive fission 
products (e.g. in increasing order of half-life from 5.2 days to 2.1·105 years: 133Xe, 131I, 85Kr, 
152Eu, 90Sr, 137Cs and 99Tc), (2) products of neutron capture by uranium such as plutonium (e.g. 
in increasing order of half-life from 14.3 to 3.7·105 years: 241Pu, 240Pu, 239Pu and 242Pu) and 
minor actinides (e.g. in increasing order of half-life from 2.4 days to 2.1·106 years: 239Np, 
242Cm, 244Cm, 241Am and 237Np), and lastly (3) activation products formed by neutron capture 
in fuel cladding and structural materials in the fuel assembly (e.g. in increasing order of half-
life from 2.7 to 3·105 years: 55Fe, 60Co, 14C, 94Nb, 59Ni and 36Cl). Some components of SNF can 
be reusable, either for producing fresh fuel (uranium and plutonium) or for other uses, such as 
irradiation in a medical context (fission product: caesium). 
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Figure 1.2 Distribution of fission products produced in a UOx fuel [6] 
1.2 Radioactive waste management 
Radioactive waste can be generated from a wide range of applications in addition to nuclear 
energy generation, such as the use of radioactive sources in medicine, research, agriculture and 
industry. The physical, chemical and radiological characteristics of waste vary widely 
depending on the application, but a common characteristic of all radioactive waste is its 
potential of being a hazard to people and to the environment. The analysis of radioactive waste 
is important for radioactive waste management prior to its disposal. National safety regulations 
are set for managing radioactive waste. However, the risk of radiation may transcend national 
borders. Therefore, the IAEA issued several international safety standards [7-9] and guides [10-
13] providing recommendations for safe management and storage of radioactive waste to 
protect people and the environment. Radioactive waste management consists of the following 
steps: (1) collecting the radioactive waste, (2) processing it into a form suitable for safe storage 
and (3) storing it in surface or geological repositories depending on its classification. At various 
steps of the radioactive waste management process, the characterization of the different 
properties (e.g. physical, chemical and radiological) of radioactive waste is required and 
recorded to facilitate its management. 
Radioactive waste is classified by the IAEA into six categories based on the radioactivity level 
and half-life (the time it takes for the radioactivity to decrease by half) of the waste [14] and 
ways for its safe management are indicated by the European Commission in the radioactive 
waste and spent fuel management directive 2011/70/Euratom [15]. Nevertheless, classification 
of radioactive waste can vary between countries. In Belgium, for example, NIRAS/ONDRAF 
(Nationale Instelling voor Radioactief Afval en verrijkte Splijtstoffen / Organisme National des 
Déchets Radioactifs et des matières Fissiles enrichies), the national organisation in charge of 
managing radioactive waste, classifies radioactive waste for final disposal into three categories: 
A (short-lived low and intermediate level waste), B (long-lived low and intermediate level 
waste) and C (short and long-lived high-level waste), which are based on the radioactivity 
content and the half-life of the waste similar to the IAEA classification. In contrast, the radiation 
and nuclear safety authority STUK (Säteilyturvakeskus) in Finland distinguishes between 
nuclear waste (spent nuclear fuel & low and intermediate nuclear waste) and radioactive waste 
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(conditioned solid waste, liquid waste, solid waste and airborne discharges), based on their 
disposal routes. 
European countries have chosen to store their short-lived low and intermediate activity waste 
differently, by either opting for geological (e.g. Forsmark, Sweden) or near-surface storage (e.g. 
Aube, France). However, for long-lived high-level waste there is a general consensus that 
geological disposal is the safest option. Currently in Belgium, short-lived low and intermediate 
level waste undergoes intermediate near-surface storage, whilst the final disposal site in Dessel 
is still under construction according to NIRAS/ONDRAF [16]. 
1.3 Spent nuclear fuel management 
Different strategies for managing SNF exist, since it can be regarded as a resource, and 
reprocessed to make new nuclear fuel (generating a closed fuel cycle), or it can be considered 
as radioactive waste after its removal from the reactor core and needing to be disposed of after 
decades of interim storage (open fuel cycle). The choice of spent nuclear fuel management 
strategy varies between countries, for example, France, the Russian Federation, China, India 
and Japan have chosen to reprocess their SNF, while the United States of America, Canada, 
Finland, Sweden and Germany opted for directly disposing their SNF. If classified as a 
resource, SNF assembly is dissolved in acid before separating uranium and plutonium from 
fission and activated products and transuranic elements (vitrified high level waste) and from 
the cladding and structural materials (intermediate level waste). Dissolving the SNF in acid 
does not achieve any separation of U and Pu; dissolution merely converts the solid SNF into 
solution form. The separation takes place after the dissolution, by a variety of processes, one of 
which is the PUREX process, a solvent extraction based process. SNF dissolves readily in a 
wide concentration range of nitric acid, with the consumption of protons and nitrate to form 
uranyl nitrate species. Many different chemical reactions with various stoichiometries can take 
place [17]. Uranium starts to precipitate from +/- pH 5 onwards under oxidizing conditions, 
hence only acidic conditions are used. Uranium and plutonium are then separated from each 
other and the uranium is isotopically enriched. Then, uranium and plutonium are converted into 
oxides that are used to make fresh mixed oxide fuel (MOx). Compared to the open fuel cycle, 
reprocessing involves additional steps, but reduces demand for uranium by 25 %. Both SNF 
and high-level waste require disposal in geological repositories, while intermediate level waste 
can be stored in near-surface or underground facilities. However, if classified as waste, SNF 
can be stored in water pools for up to 3 to 4 decades before being transported for interim storage 
or for disposal in a geological repository. Pools serve two functions: (1) protecting the workers 
from the radiation emitted by the SNF assemblies and (2) cooling the SNF assemblies by 
evacuating the heat through the circulating water. In geological disposal, SNF and high-level 
waste are encapsulated in a leak-tight container, isolated from the environment by multiple 
barriers and placed in tunnels at several hundred meters of depth. At different stages of SNF 
management, certain nuclides become more important (Figure 1.3). For example, during 
transportation and storage of SNF, short-lived radionuclides (such as volatile 131I) are 
significant in case of damage breaching the fuel rod cladding within one year of its discharge 
from the reactor core. 
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Figure 1.3 Trend of the activity of different SNF components relative to mined uranium ore 
with respect to time [3] 
Shielding is a requirement throughout transportation and storage of SNF due to the hazard from 
60Co and 137Cs, which are gamma emitters, and 240Pu and 242Cm, which are neutron emitters. 
Shielding is provided by 3 to 4 meters of water in pools where SNF is first stored (wet storage) 
after being discharged from the reactor core, before being transferred to dry storage where 
shielding is provided by the metal/concrete cask body and neutron absorbing materials. SNF is 
not moved to dry storage until after at least 5 to 10 years of storage in a reactor pool (depending 
on its capacity) connected directly to the reactor. Additional away-from-reactor storage might 
be needed, either wet or dry storage, if the capacity of the reactor pool is reached. Long-term 
dry storage for up to 100 years is now being considered due to the lack of final disposal 
facilities. The licence to construct the world’s first geological repository (Onkalo) at the 
Olkiluoto site was granted in Finland in November 2015 [18] and the application for the 
operational license is scheduled to be submitted by the end of 2022 [19]. Additionally, cooling 
of SNF is required due to heat released by the beta emitting radionuclides 137Cs and 90Sr. 
Cooling ensures that no temperature limits will be exceeded in operational or accident 
conditions in order to protect the storage facility’s structures, systems, components and the fuel 
from damage throughout the lifetime of the storage facility [1], thereby preventing release of 
radioactive material to the environment. In wet storage, cooling is provided by the pool water 
that is constantly circulated through heat exchangers, whereas in dry storage, cooling is 
provided by forced or natural air circulating around the containers of SNF [1]. Transport of 
SNF might be needed depending on the location of the nuclear power plant and SNF 
management facility. For transport of SNF, cylindrical containers are used, after first having 
passed a series of tests (drop, heat, immersion in water, etc.) to prove their robustness and 
thermoconductive and shielding properties, as recommended by the IAEA [1]. Design of the 
geological repositories must take into account the long-term heat release of 137Cs, 90Sr, 241Pu 
and 241Am and the mobility of long-lived radionuclides, such as 99Tc, 14C, 36Cl and 239Np, to 
ensure safe disposal of SNF. SNF still contains fissile uranium and plutonium radionuclides, 
which could become critical causing a chain reaction. Subcriticality must be ensured during 
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transport, storage, reprocessing and in geological repositories, for example, when stored in 
reactor pools, a subcritical geometry must be maintained and neutron absorbers can be added. 
1.4 Spent nuclear fuel analysis 
The composition of SNF depends on the amount of energy liberated by the fuel. An important 
characteristic of SNF is the “burn-up”, which is the number of fissions undergone by the fuel 
[20] and the clearest way to express it, is as the percentage of fissile metal atoms that underwent 
fission (%FIMA). This is calculated as shown in eq. 1.2 [21], where M & M’ are the numbers 
of heavy metal atoms before and after irradiation, F is the number of heavy metals that 
underwent fission, and is determined most frequently as F = N/Yeff, N being the number of 
fission product atoms of a burn-up monitor nuclide (such as 148Nd) and Yeff being the effective 
fission product yield weighted by the yield for each fissile actinide. 






 (eq. 1.2) 
The %FIMA is most often calculated using 148Nd, although also other fission products can be 
used as burn-up monitors such as 137Cs, 139La and 144Ce. In order to use 137Cs for burn-up 
determination, it is essential to analyse a fuel sample that is large enough to be representative, 
because Cs is known to migrate from the centre of the fuel pellet towards its edge during 
irradiation due to the high radial temperature gradient between the pellet core (1200 °C) and 
rim (400-500 °C) [22]. In practice, the 144Ce half-life of 285 days can limit the use of this nuclide 
as burn-up monitor to only those SNFs with short cooling times [21]. The following properties 
of 148Nd make it the most used fission product monitor: (1) it is not volatile, does not migrate 
in the fuel pellet and has no volatile precursor, (2) it is stable and does not require decay 
corrections, (3) its fission yield is nearly the same for 235U (1.66 %) and 239Pu (1.65 %) [23], 
(4) it is not present in fresh nuclear fuel, (5) it can be corrected for natural neodymium 
contamination using 142Nd (which is stable and not a normal constituent of fresh fuel [24]), (6) 
it has a low neutron absorption cross-section (Table 1.4), which means that its probability of 
taking up another neutron is low. 
The %FIMA (shown in eq.1.2) can be converted to gigawatt days per metric ton by consulting 
the ASTM E321 – 96 standard test method for burn-up determination [25]. SNF from UOx 
fuels with 3.5 % initial enrichment, 33 GWd·t(heavy metals)-1 energy output and 3 years 
cooling time, contains (on a metals basis) almost 96 wt. % of uranium (including 1 % of fissile 
235U), 1 wt. % of plutonium, 0.1 wt. % of minor actinides and 3 wt. % of fission products (Figure 
1.4) [1]. For fuel with a higher burn-up, the amount of uranium remaining will be lower than 
96 wt. % and the amounts of plutonium, minor actinides and fission products will be higher 
than 1, 0.1 and 3 wt. %, respectively (on a metals basis). In “Gd fuels”, the fresh fuel is enriched 
to 5-10 wt. % in gadolinia (Gd2O3). As such, Gd is present as a major element within such fuels 
(before and after irradiation). Apart from the presence of the additional Gd, the composition of 
these “Gd fuels” is otherwise comparable to that of UOx fuels. The determination of the isotopic 
composition and content of Gd in “Gd fuels” after their irradiation enables the performance of 
Gd as burnable poison to be evaluated. Major fission products of 235U that have a fission yield 
higher than 5 % are presented in Table 1.1 [26]. Although the percentage of fissile material in 
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SNF is very low, the nature of this material makes it a target for nuclear safeguards. Burn-up 
credit is an accurate and realistic means to determine SNF reactivity, because it takes into 
account the reduction in the reactivity of nuclear fuel during irradiation due to the net reduction 
of fissile nuclides and to the production of neutron-absorbing nuclides (fission products and 
non-fissile actinides) [27]. Activities related to the assessment of nuclear criticality safety in 
member countries of the NEA (Nuclear Energy Agency) are coordinated by the Expert Group 
on Burn-Up credit Criticality (EGBUC). SNF characterization (assays and burn-up credit) is 
carried out for criticality safety and safeguards purposes using non-destructive and destructive 
analysis (explained in sections 1.4.5 and 1.4.6 of this chapter) to determine the concentrations 
and isotopic compositions of the main fuel elements (uranium, plutonium and gadolinium when 
it is added as a burnable poison in “Gd fuels” [28]) and those of a fission product monitor 
(neodymium). 
 
Figure 1.4 Composition of a UOx SNF with 3.5 % initial enrichment, 
33 GWd.t(heavy metals)-1 and 3 years cooling time [1] 
Table 1.1 Fission products of 235U with fission yield higher than 5 % [26] 
Nuclide Fission yield (% per fission of 235U) ± U (k=2) 
90Sr 5.73 ± 0.13 
95Zr 6.502 ± 0.072 
95Nb 6.498 ± 0.072 
99Mo 6.132 ± 0.092 
99Tc 6.132 ± 0.092 
133I 6.59 ± 0.11 
135I 6.39 ± 0.22 
133Xe 6.6 ± 0.11 
135Xe 6.61 ± 0.22 
137Cs 6.221 ± 0.069 
140Ba 6.314 ± 0.095 
140La 6.315 ± 0.095 
141Ce 5.86 ± 0.15 
144Ce 5.474 ± 0.055 
144Pr 5.474 ± 0.055 




Uranium has been formed within our Solar System by multiple supernovae from over 6 billion 
to about 200 million years ago [29]. As a result, uranium was present in the dust that eventually 
clogged together and cooled down to produce the Earth. Uranium is found naturally in trace 
amounts in different compartments of the Earth, such as soil (2 parts per million), water bodies 
(e.g. 0.3 parts per million in seawater [30]) and even air (2 µBq·m-3). According to the United 
Nations Scientific Council, worldwide average dose rates due to ingestion (mainly from water) 
and inhalation of natural uranium nuclides are less than 1 µSv per year [31]. 
Uranium was discovered in 1789 by Klaproth and its radioactivity was demonstrated by 
Becquerel in 1896. Natural uranium has 92 protons in its nucleus, its electronic configuration 
is [Rn] 5f3 6d1 7s2 and it has three naturally occurring isotopes: 234U, 235U and 238U, with 
characteristics as shown in Table 1.2. Nuclides with odd mass numbers (such as 235U in Table 
1.2) generally have a larger neutron capture cross-section compared to nuclides with an even 
mass number, which makes the probability of neutron absorption higher for nuclides with odd 
mass numbers than for those with even mass numbers (Oddo-Harkins rule) [32]. Atomic nuclei 
with even mass numbers are more stable when formed than those with odd mass numbers. This 
phenomenon can be explained by the nuclear shell model [32]. 
Table 1.2 Characteristics of naturally occurring uranium nuclides (the characteristics listed in 
this table were sourced from Nucleonica [33], except for the relative abundances which were 















234U 0.00531 (49) 2.457·105 (3) 2.300·108 (3) 116 α 
235U 0.71137 (59) 7.038·108 (5) 7.996·104 (6) 697 α 
238U 99.2833 (16) 4.468·109 (3) 1.2436·104 (8) 12 α 
Due to its electronic configuration, uranium is most stable in oxidation state VI, and is mainly 
found as UO2
2+ (uranyl) in complexes [32]. The uranyl group can be detected in an infrared 
spectrum of a uranium compound by the presence of (1) a strong band in the region 920-980 
cm-1 due to the asymmetric O–U–O stretching vibration or (2) a band around 860 cm-1 caused 
by the symmetric O–U–O stretching vibration in a Raman spectrum. Additionally, uranyl 
complexes have a yellow colour and a characteristic absorption peak around 25,000 cm-1 (400 
nm) which can be monitored using UV-Vis spectrometry. 
1.4.2  Plutonium 
Plutonium is a man-made element first produced in 1940 by Seaborg et al. by bombarding 
uranium with neutrons [35]. Plutonium found in the environment originates from anthropogenic 
sources (nuclear weapon testing, nuclear accidents, etc.). Characteristics of plutonium nuclides 
are shown in Table 1.3. Plutonium can be present in SNF either as a product of neutron capture 
by 238U or it can be added to the fuel prior to its irradiation (MOx). Reactor-grade Pu is defined 
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as material composed of more than 18% of 240Pu [36]. The neutron cross-section of 240Pu (Table 
1.3) limits its use in weapon grade Pu, which contains at least 93 % 239Pu [36]. 
Table 1.3 Characteristics of plutonium nuclides [33] 







238Pu 87.7 (3) 6.34·1011 (2) 584 α 
239Pu 2.4114·104 (11) 2.2947·109 (10) 1,029 α 
240Pu 6.563·103 (5) 8.396·109 (6) 290 α 
241Pu 14.33 (4) 3.829·1012 (11) 1,383 β- 
242Pu 3.735·105 (11) 1.463·108 (4) 30 α 
244Pu 8.00·107 (9) 6.77·105 (8) 12 α 
 
Due to their similar redox potentials: E(Pu(III)/Pu(IV)) = 0.98V, E(Pu(IV)/Pu(V)) = 1.04 V and 
E(Pu(V)/Pu(VI)) = 0.94 V [32], multiple oxidation states III, IV, V and VI of plutonium can be 
present simultaneously in acidic solution. In alkaline solutions, plutonium can be found in 
oxidation states VII and even VIII (> 1 M sodium hydroxide) [37]. The oxidation states IV and 
VI of plutonium are the most stable ones in acidic solutions. Due to its large charge-to-radius 
ratio, plutonium (VI) readily strips oxygen atoms from water molecules and is present as PuO2
2+ 
(plutonyl) which is stable in aqueous solutions [38]. 
1.4.3 Lanthanides 
The lanthanide series consists of 15 elements in the periodic table from lanthanum to lutetium 
with atomic numbers from 57 to 71, and its elements are known to have very similar chemical 
properties, making their separation far from straightforward. Most lanthanides (including 
neodymium and gadolinium) are present in solution as Ln3+ions having [Xe] 4fn electronic 
configurations, nevertheless some lanthanides can also exist in solution as Ln4+ (such as Ce) 
and Ln2+ ions (such as Eu) [32]. The lanthanides differ in the number of electrons in the 4f 
orbital. As this orbital is positioned near the atomic nucleus, the electrons in the 4f orbital have 
only a limited effect on chemical bonding characteristics and speciation. Separation strategies 
therefore make use of the phenomenon called ‘lanthanide contraction’: Across the lanthanide 
series from La to Lu, the atomic and ionic radii are known to decrease as a result of the 
increasing effective nuclear charge (as is always the case within a period of the periodic table), 
however, the 4f electrons are less efficient in shielding the electrons inside the 5s and 5p orbitals 
from the positive nuclear charge, which leads to the “lanthanide contraction” [32]. Hence, the 
lanthanides share such similar chemistries [including oxidation state] that the possibilities of 
using the selectivity of an ion exchanger as the basis of a separation only can be rather limited 
for lanthanides. 
1.4.3.1 Neodymium 
Neodymium was discovered in 1841 by Carl Gustav Mosander, who called it didymium (from 
“didymos”, which means twin in Greek) due to its similarity to lanthanum, which he had 
10 
discovered two years previously. In 1885, Carl Aeuer von Welsbach separated didymium into 
two elements and called these neodymium and praseodymium, both names deriving from the 
Greek meaning new and green twin, respectively [34]. Neodymium is the second most abundant 
lanthanide in the Earth’s crust (40 parts per million) after cerium (66 parts per million) [32]. 
Each neodymium atom has 60 protons in its nucleus. Characteristics of naturally occurring Nd 
nuclides are listed in Table 1.4, which shows that neodymium nuclides are mostly stable (142, 
143, 145 & 146Nd) or have very long half-lives (more than 1015 years). 
Table 1.4 Characteristics of naturally occurring neodymium nuclides (the characteristics listed 
in this table were sourced from Nucleonica [33], except for the relative abundances which were 











section (b)  
Decay 
mode 
142Nd 26.712 (44) Stable - 27 - 
143Nd 12.062 (27) Stable - 404 - 
144Nd 23.743 (25) 2.29·1015 (16) 4.0·10-2 (3) 4 α 
145Nd 8.332 (13) Stable - 60 - 
146Nd 17.388 (35) Stable - 6 - 
148Nd 5.903 (22) 2.7·1018  3.3120·10-5 (8) 12 2β- 
150Nd 5.860 (29) 2.1·1019 (5) 4.2·10-6 (10) 6 2β- 
1.4.3.2 Gadolinium 
Gadolinium was discovered by Jean-Charles Galissard de Marignac in 1886 and was named by 
Paul-Emil Lecoq de Boisbaudran after gadolinite, the mineral in which it was found. 
Characteristics of gadolinium nuclides can be found in Table 1.5. Gadolinium nuclides are 
stable, except for 152Gd and 160Gd, which have long half-lives (more than 1014 years). When 
used as a burnable poison in nuclear fuels, the fuel is enriched to 5-10 wt. % in gadolinia 
(Gd2O3). As such, Gd is present as a major element within such fuels. During irradiation, 
gadolinium nuclides with large neutron absorption cross-sections, such as 155Gd and 157Gd 
(Table 1.5), capture neutrons thereby forming 156Gd and 158Gd, respectively. These resulting 
nuclides, however, have small neutron absorption cross-sections and thus constitute a dead-end 
for this decay chain reaction. Additionally, gadolinium nuclides can be produced in nuclear 




Table 1.5 Characteristics of naturally occurring gadolinium nuclides (the characteristics listed 
in this table were sourced from Nucleonica [33], except for the relative abundances which were 











section (b)  
Decay 
mode 
152Gd 0.193 (29) 1.08·1014 (8) 8.1·10-1 (6) 735 α 
154Gd 2.134 (20) Stable - 85 - 
155Gd 14.581 (91) Stable - 60,900 - 
156Gd 20.297 (41) Stable - 1,5 - 
157Gd 15.617 (45) Stable - 254,000 - 
158Gd 24.946 (87) Stable - 2.2 - 
160Gd 22.232 (43) 1.3·1017 6.3622·10-4 0.77 2β- 
1.4.4 Other spent fuel components 
While burn-up determination requires the measurement of specific nuclides to assess the 
performance of the nuclear fuel, SNF characterization involves the measurement of many more 
nuclides formed during the irradiation of the fuel and is used to evaluate safety codes. Table 
1.6 lists commonly measured nuclides for different safety-related SNF applications including 
burn-up determination. 












79Se 2.95·105   + + 
95Mo Stable +   + 
90Sr 28.9  + + + 
99Tc 2.111·105 +  + + 
101Ru Stable +   + 
106Ru 371.6 days  +  + 
103Rh Stable +   + 
109Ag Stable +   + 
125Sb 2.7586  +  + 
129I 1.6·107   + + 
133Cs Stable +   + 
134Cs 2.065  +  + 
135Cs 2.3·106   + + 
137Cs 30 + + + + 
139La Stable +   + 
142Nd Stable    + 
143Nd Stable +   + 
144Nd 2.29·1015 +   + 
145Nd Stable +   + 
146Nd Stable +   + 
148Nd 2.7·1018 +   + 
150Nd 2.1·1019 +   + 
12 
Table 1.6 Commonly measured nuclides for different safety-related SNF applications (based 











144Ce 284.9 days + +  + 
147Pm 2.623 +   + 
147Sm 1.06·1011 +   + 
149Sm Stable +   + 
150Sm Stable +   + 
151Sm 90 +   + 
152Sm Stable +   + 
151Eu Stable +   + 
153Eu Stable +   + 
154Eu 8.59 + +  + 
155Eu 4.753 +   + 
152Gd 1.08·1014    + 
154Gd Stable    + 
155Gd Stable +   + 
156Gd Stable    + 
157Gd Stable    + 
158Gd Stable    + 
160Gd 1.3·1017    + 
234U 2.457·105 +  + + 
235U 7.038·108 +  + + 
236U 2.342·107 +  + + 
238U 4.468·109 +  + + 
237Np 2.14·106 +  + + 
238Pu 87.7 + + + + 
239Pu 2.4114·104 + + + + 
240Pu 6.563·103 + + + + 
241Pu 14.33 +  + + 
242Pu 3.735·105 +  + + 
241Am 433 + + + + 
243Am 7370 +  + + 
242Cm 162.8 days  +  + 
243Cm 29.1 +   + 
244Cm 18.1  +  + 
245Cm 8.5·103 +  + + 
1.4.5 Non-Destructive analysis 
Non-destructive passive or active analysis methods can be used to determine SNF 
characteristics in a fast and accurate way using computational codes. Passive methods are based 
on spontaneous radiation emission from the fuel itself, whereas active methods rely on external 
radiation sources. Several non-destructive analysis devices based on the monitoring of gamma 
rays, neutron emissions or Cherenkov light exist. Non-destructive analysis methods can be used 
to determine the burn-up and other characteristics of SNF based on computer codes, such as 
ALEPH [39] which links the Monte Carlo code MCNPX [40] to the burn-up code ORIGEN 2.2 
[41]. ALEPH was developed by Wim Haeck and Bernard Verboomen at SCK CEN. An 
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example of a passive method is the PYTHONTM device [42], developed as a collaboration 
between EDF (Electricité de France) and CEA (Commissariat à l’Energie Atomique et aux 
énergies alternatives), which is a combination of a total gamma measurement, a passive neutron 
measurement and an online depletion code resulting in an accurate burnup determination within 
± 2 % at a 95 % confidence level (k=2) [42]. Other non-destructive analysis methods exist, such 
as self-indication neutron resonance densitometry (SINRD), which is based on neutron 
measurements having uncertainties as high as 25 %, and the partial defect tester (PDET), which 
is based on neutron and gamma-ray measurements to detect partial defects in the fuel assembly 
and can be used to derive a semi-quantitative estimation of the burn-up. A device combining 
active and passive methods is the NAJA device [43], which includes passive and active neutron 
measurements combined with an on-line depletion code and gamma-spectrometry. The NAJA 
device is able to automatically determine the nature of the fuel (fresh or irradiated, UOx or 
MOx), the presence and kind of neutron absorber, the initial enrichment in 235U for a fresh UOx 
assembly and make accurate burn-up determinations with expanded uncertainties of ± 2 % at a 
95 % confidence level (k=2) [43]. Neutron resonance densitometry (NRD) is an experimental 
active non-destructive method relying on neutron time-of-flight techniques, aiming to quantify 
uranium and plutonium nuclides in SNF in less than 20 minutes with less than 1 % resulting 
uncertainty [44]. 
The accuracy of the results obtained using computer codes is important in establishing the safety 
basis in SNF management [45]. Despite being a fast way to determine SNF characteristics, the 
results obtained by computational codes in non-destructive analysis must be validated by 
destructively analysing SNF samples using radiochemical analysis methods (explained in 
section 1.4.6 of this chapter). Thus, the accuracy of the results obtained using computer codes 
is tested by comparing experimental results obtained from destructive chemical analyses on real 
SNF samples with the corresponding results of the computer codes. 
1.4.6 Destructive analysis 
Interest in code validation using destructive analysis methods was acted upon by EGBUC in 
2006, after a workshop on “The need for post-irradiation experiments to validate fuel depletion 
calculation methodologies” (held in Rez, Czech republic on May 11th-12th, 2006), with the 
establishment of a new expert group on assay data for spent nuclear fuel (EGADSNF). This 
expert group coordinates assay data activities and facilitates cooperation between NEA member 
countries in developing and implementing burn-up credit methods, taking into consideration 
the high cost of initiating new experimental assay programs (fuel transportation, hot-cell 
facilities, radiochemical analysis capabilities and requirements for waste management) [45]. 
The results obtained using destructive and non-destructive analysis methods are compared to 
validate computational codes. In Europe, SNF assay measurement and burn-up determination 
are conducted in several radiochemical analysis laboratories, including the Belgian Nuclear 
Research Centre (SCK CEN) in Belgium, the CEA in France, the European Commission’s Joint 
Research Centre (JRC) in Germany and the Paul Scherrer Institute (PSI) in Switzerland. 
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Destructive analysis remains the most reliable analytical approach to determine nuclide-specific 
concentrations in SNF and can only be performed at specialised laboratories with hot-cells and 
radiometric or mass spectrometric analysis equipment [45].  
SNF assay can be carried out using hybrid K-edge densitometry (HKED) to determine the 
elemental concentrations of uranium and plutonium from 0.5 mg·L-1 to several hundreds of 
g·L-1 with uncertainties ranging from 2 to 10 % (k = 2) respectively. Figure 1.5 shows the 
HKED device used at CEA [46]. The HKED device uses results from two measurements 
performed simultaneously on the sample: K-edge transmission and X-Ray fluorescence [46]. 
 
Figure 1.5 HKED device used at CEA [46] 
The uranium elemental concentration in SNF can also be accurately determined using the 
titration method developed by Davies and Gray in 1964. No separation is required prior to the 
assay of uranium in SNF using the Davies and Gray titration unless interferences are present in 
milligram amounts or larger. First, uranyl in the sample is reduced to oxidation state IV by 
using excess Fe(II) in concentrated phosphoric-sulfamic acid, whilst the excess Fe(II) is 
oxidized selectively by nitric acid in the presence of Mo(VI) as a catalyst. Then, using 
potentiometric titration with vanadium as an electrochemical enhancer, U(IV) is titrated using 
a K2Cr2O7 solution. The mass fraction of uranium (CU) in the sample can then be determined 
by using eq. 1.3 [47], where W is the atomic mass of uranium, T is the titer of the titrating 
solution used (in equivalent·g-1), mc is the mass of the titrating solution used (in grams) to reach 
the endpoint and ma is the mass of the sample used (in grams). 
 𝐶𝑈 = 𝑊𝑇 (
𝑚𝑐
2𝑚𝑎
) (eq. 1.3) 
The Davies and Gray titration is a fast, accurate and precise method to determine the uranium 
concentration with relatively little sample manipulation required. For SNF characterization, the 
titrator has to be installed inside a hot-cell. 
The SNF burn-up is determined by using destructive analysis to measure the nuclide-specific 
concentration of a fission product monitor, usually 148Nd [25], and those of the residual heavy 
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metal elements of the fuel: U and Pu [47-49]. Several destructive analysis methods are 
available, such as alpha spectrometry, liquid scintillation counting, gamma spectrometry, 
thermal ionization mass spectrometry (TIMS) and inductively coupled plasma-mass 
spectrometry (ICP-MS) [45]. SNF burn-up determination requires combining some of these 
radiometric and mass spectrometric methods. 
For burn-up determination using destructive analysis, SNF sample preparation takes place 
inside a hot-cell where SNF pellets are dissolved, most commonly in 8 to 10 M nitric acid 
heated near its boiling point (86 °C) under reflux, to transfer uranium, the fission products, and 
most of the plutonium and the minor actinides into the solution. The nitric acid solution is then 
filtered and the residue is treated using a mixture of 8 M nitric acid and 0.1 M hydrofluoric acid 
to dissolve all the plutonium oxide. The filtered solution is then combined with the second 
solution before further gravimetric dilution in 1 M nitric acid to reduce the dose rate to a level 
permitted in laboratories, before removing it from the hot-cell. After dissolving the SNF sample 
and diluting the corresponding digest, chromatographic separation (off-line or on-line) is used 
to isolate the main fission products (neodymium, samarium, europium, gadolinium), uranium, 
plutonium and minor actinides into pure fractions prior to determining the nuclide-specific 
compositions and elemental concentrations of these elements by radiometric or mass 
spectrometric methods. Amongst the destructive analysis mass spectrometric methods, 
coupling on-line chromatography is only possible with ICP-MS. Such a hyphenated approach 
provides a rapid separation of the elements present in the SNF from one another, has a higher 
sample throughput, generates less radioactive waste and exposes the operator to less radiation 
compared to off-line chromatography. 
1.4.6.1. Radiometric methods 
SNF contains various alpha-, beta- and gamma-emitting radionuclides that can be determined 
by using radiometric methods such as alpha spectrometry, gamma spectrometry and liquid 
scintillation counting. These radiometric methods require chromatographic separation of SNF 
elements into individual fractions to eliminate interfering radiation energies and to improve the 
limit of detection [45]. 
For measurement of short-lived alpha-emitting radionuclides in SNF, alpha spectrometry most 
commonly uses a passivated implanted planar silicon (PIPS) detector, which is placed inside a 
vacuum chamber, to absorb the high energy of an alpha particle (2-8 MeV) and convert it into 
an electronic signal (counts). PIPS detectors are usually calibrated for a range of 0 to 10 MeV 
by using standard alpha-emitting sources with known activities. Alpha spectrometry can be 
used to detect and quantify short-lived alpha-emitting radionuclides of uranium, plutonium, 
americium and curium in SNF with expanded relative uncertainties as low as 2 % in the best 
case at a 95 % confidence level (k = 2) [45]. However, alpha-spectrometry is incapable of 
separating the overlapping alpha-peaks of 239Pu (5105, 5144 and 5157 keV) and 240Pu (5124 
and 5168 keV). Nevertheless, alpha spectrometry remains the method of choice to quantify 
shorter-lived radionuclides (e.g. 238Pu) when the plutonium is not completely separated from 
the highly concentrated uranium in SNF, which causes isobaric overlaps and hinders mass 
spectrometric analysis. Additionally, mass spectrometric methods, such as ICP-MS, can 
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encounter difficulties in the measurement of 238Pu if either the ICP-MS instrument has been 
used to measure high amounts of uranium causing a background signal and a higher detection 
limit at mass 238 [51] due to memory effects or if the reagents used during the sample 
preparation contain uranium [52]. 
Liquid scintillation counting (LSC) is a radiometric method that is used to measure beta-
emitting radionuclides in SNF. In LSC, a fraction separated by chromatography is added to a 
scintillation cocktail that contains organic molecules which convert the kinetic energy of an 
alpha or a beta particle into light with a wavelength detectable with a photomultiplier tube. 
Most LSC systems are equipped with software to calculate the count rates measured. LSC can 
be used to determine the concentrations of the beta-emitting radionuclides 90Sr, 99Tc and 147Pm 
in SNF samples with a typical combined relative uncertainty of 2 % at a 95 % confidence level 
(k = 2) [45]. 
Finally, gamma spectrometry is used to measure gamma-emitting radionuclides either directly 
on a small aliquot (1-20 mL) of the SNF sample removed from the hot-cell (for fission products 
such as 137Cs, 144Ce, 154Eu and 155Eu, and minor actinides such as 241Am) or on separated 
fractions of the SNF sample (for 243Cm and 237Np) to eliminate gamma-emitters with 
overlapping gamma-rays. Detectors best suited for quantifying gamma-emitting radionuclides 
in SNF are high purity germanium detectors (HPGe), resulting in excellent peak resolution in 
SNF spectra. Detectors should be calibrated for energy, peak width and efficiency by using 
calibration sources with mixed radionuclide standards or a combination of standard sources 
[45]. The combined relative uncertainty of gamma-spectrometry measurements is usually 
higher than 3 % at a 95 % confidence level (k = 2) [45]. 
1.4.6.2. Mass spectrometry methods 
Mass spectrometric methods such as TIMS and ICP-MS can be used to determine the nuclide-
specific composition and concentration of elements in SNF. To avoid isobaric overlaps, the 
elements present in SNF samples must be separated from one another by chromatography 
before they can be measured by TIMS or ICP-MS. Monoatomic isobaric interferences for 
plutonium, uranium, gadolinium and neodymium nuclides in SNF and the required mass 
resolutions (calculated according to the 10% valley definition [53]) needed to resolve them are 
presented in Table 1.7. According to the data in Table 1.7, a resolving power higher than that 
achievable by currently commercially available ICP-MS instruments (of both quadrupole and 
sector-field geometries) is needed to resolve the monoatomic isobaric interferences presented 
in Table 1.7. It is therefore required to chemically separate Pu, U, Nd and Gd using 
chromatography to eliminate the isobaric interferences which hinder their determination. 
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Table 1.7 Monoatomic isobaric interferences for Pu, U, Nd and Gd in SNF and the required 
mass resolutions (10% valley definition) to resolve them 
m/z Element Atomic weight (g·mol-1) 






















































When combined with isotope dilution, TIMS and ICP-MS can determine elemental 
concentrations in SNF with a combined relative uncertainty from 0.1 to 0.4 % at a 95 % 
confidence level (k = 2) [45]. ICP-MS is discussed in detail in chapter 3. Figure 1.6 shows a 
schematic representation of a nuclearized TIMS instrument. 
18 
 
Figure 1.6 Schematic representation of a nuclearized TIMS instrument [54] 
TIMS is a mono-elemental analysis technique in which a small amount (up to several 
micrograms) of the separated fractions of the SNF sample solution is deposited on a filament 
which is then placed inside the instrument’s source housing. The source housing is then 
evacuated using a vacuum pump for several hours. Filaments are mostly made of rhenium 
because it has the highest work function of any metal (up to 5.8 eV) and a high enough melting 
point of about 2200 °C, which leads rhenium to provide the highest positive ion emission 
amongst metals [55]. The sample on the filament is heated by an electrical current passing 
through the filament, and positive ions are generated for elements with ionisation energies 
below 7.5 eV [55] (in comparison, ICP can ionize elements with much higher ionisation 
energies). The first ionisation energies of uranium, plutonium, neodymium and gadolinium are 
6.05, 6.06, 5.48 and 6.15 eV, respectively, and therefore these elements can be ionized to singly-
charged ions in either TIMS or ICP-MS. Ions are extracted (by a differential pump and/or 
extraction lens) and directed (by focusing lenses) towards the entrance of a magnetic sector 
field where they are separated based on their mass-to-charge ratio. The separated ions are then 
detected either sequentially (single collector) or simultaneously (multi-collector) setup. TIMS 
instruments were made commercially available at the end of the 1950s. Early TIMS instruments 
were single collector systems, which suffered from inaccuracy and imprecisions in isotope ratio 
(IR) measurements due to peak jumping (also referred to as dynamic scanning and involving 
altering the magnet settings to “jump” between the monitored masses in single-collector 
magnetic sector instruments.) that caused ion-beam fluctuations [56]. To overcome this issue, 
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multi-collector TIMS instruments were developed in the 1980s and 1990s by Finnigan MAT 
(Germany) and VG Isotopes (UK), and had as many as 9 Faraday cups. Nowadays, multi-
collector TIMS instruments are equipped with both Faraday cups and ion counting detectors, 
such as Daly detectors or secondary electron multipliers (discussed in section 3.3.7 of chapter 
3). TIMS analysis of SNF components is based on IR determination in conjunction with isotope 
dilution. Since the lighter nuclides evaporate more readily than the heavier nuclides, the initial 
ion beam composition becomes steadily more depleted of the lighter isotope, which results in a 
time-dependent mass bias (compared to a relatively stable mass bias over time in ICP-MS). 
Therefore, IRs determined by using TIMS must be corrected for mass fractionation using a 
reference IR of the same element (see section 3.2.3 in chapter 3), measured under the same 
conditions as the sample. The total evaporation method (also known as the flash evaporation 
method) is one way to overcome time-dependent mass fractionation in TIMS by measuring the 
ion signals of all isotopes of the element of interest until the entire deposited sample has been 
evaporated. When using the total evaporation method, calibration using isotopically certified 
reference materials to obtain absolute IRs is still necessary (see section 3.2.3 of chapter 3). 
1.5 Aim and objectives 
The aim of this PhD research project was to develop an accurate and precise methodology for 
the determination of the elemental mass fractions and nuclide-specific compositions of 
neodymium, gadolinium, plutonium and uranium in SNF using a sector field (SF) ICP-MS unit 
coupled with high pressure ion chromatography (HPIC). This project stems from SCK CEN’s 
efforts to minimize the radiation risk to the operator and to increase sample throughput for SNF 
characterization, which is currently accomplished by separating SNF components using 
gravitational ion chromatography followed by their analyses using TIMS and alpha 
spectrometry (an ISO 17025 accredited method). The work was divided into four objectives: 
(1) developing and validating a separation method for the elements of interest using HPIC 
(discussed in chapter 4), (2) optimizing SF-ICP-MS parameters and finding a calculation 
method resulting in the best precision of IRs derived from transient signals (discussed in chapter 
5), (3) characterizing SNF using isotope dilution HPIC-SF-ICP-MS (discussed in chapter 5) 
and (4) determining the overall uncertainty budget for isotope dilution HPIC-SF-ICP-MS and 
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Chapter 2 – Ion chromatography 
 
2.1 Introduction and overview 
Since the separation method developed during this work is based on high-pressure ion 
chromatography (HPIC), this chapter is devoted to the principles of ion chromatography and to 
components of HPIC systems, and also contains an overview of the use of HPIC in nuclear 
applications. 
Chromatography is defined by IUPAC as “a physical method of separation in which the 
components to be separated are distributed between two phases, one of which is stationary 
(stationary phase) while the other (mobile phase) moves in a definite direction” [1]. The 
stationary phase is usually packed inside a column. The components of the mixture are 
separated based on differences in their affinities towards the mobile and stationary phases as 
they move through the column. The Russian botanist Mikhail Semenovich Tswett is considered 
the father of chromatography with his work on using adsorption chromatography to separate 
plant pigments from one another [2-3]. In 1906, Tswett coined the term “chromatography”, 
which originates from old Greek and means to write with colours, in his publications on 
chlorophyll in the German Botanical Journal [4-5]. The term “ion chromatography” (IC) refers 
to the chromatographic separation of anions and cations based on processes, such as ion 
exchange, ion pairing, ion exclusion, chelation, etc. [6-7]. Ion exchange chromatography (IEC) 
is the most widely used form of IC for the separation of metal ions and complexed transition 
metals [6]. In IEC, ions of the eluent and those from the sample compete for the oppositely 
charged sites on the stationary phase. When the stationary phase is negatively charged, it is used 
for cation exchange chromatography, and when it is positively charged, it is used for anion 
exchange chromatography. In 1975, Small, Stevens and Bauman laid the foundations of modern 
IEC with their work on the simultaneous separation of anionic and cationic species using IEC 
[9-11]. The term “ion chromatography” was introduced when the Dionex corporation (now part 
of Thermo Fisher Scientific) licensed their method for commercial development [7, 10]. 
Throughout the years, HPIC has proven to be a fast, robust, sensitive and selective method for 
the analysis of solutions. The identification of analytes in solution, as well as the determination 
of the different concentrations at which they are present, has been a major asset of HPIC thanks 
to the variety of detector types with which it can be coupled; these detector types include UV-
Vis detectors, fluorescence detectors, conductivity detectors, potentiometric detectors and 
others. Furthermore, HPIC can be coupled on-line with techniques also providing information 
on the nuclide-specific composition of the analyte elements, such as inductively coupled-
plasma mass spectrometry (ICP-MS). 
2.2 Ion exchange chromatography theory 
The basic principle of IEC, whether for anions or cations, is based on differences in the relative 
affinities of ions in the sample and the eluent for the stationary phase, thus leading to different 
ion-exchange equilibria. These differences in ion-exchange equilibria translate into the different 
ions spending different amounts of time bound to the stationary phase (also known as retention 
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time) or dissolved in the eluent prior to elution from the column. However, when the difference 
in ion-exchange equilibria is small, which is the case for the trivalent lanthanides for example, 
it is more effective to separate the sample ions from one another by using an eluent containing 
a ligand that complexes with the different ions to differing extents [11]. In this kind of 
separation, known as chelation IEC, there are two relevant equilibria (eq. 2.1 & 2.2) involving 
the ions in the sample (Mn+), stationary phase (S−) and eluent (E−): 
 Mn+ + nS−H+ ⇌ SnM + nH
+ (eq. 2.1) 
 SnM + nE
− ⇌ nS− + MEn (eq. 2.2) 
Here, the retention time is also affected by the type and concentration of eluent ions E−, as well 
as the pH of the eluent. 
2.2.1 Common terms in chromatography 
A solution component eluting from the chromatographic column is characterized by the time it 
was retained on the column, commonly expressed as a retention time (tR). The retention time of 
a component is measured at the maximum height of the component’s chromatographic peak 
(see Figure 2.1). Additionally, the difference between the retention time of an unretained 
component (tM) and that of the component of interest (tR) is called the adjusted retention time 
(𝑡𝑅
′ ) (see Figure 2.1). 
 
Figure 2.1 Schematic representation of a chromatographic peak and its attributes 
The following terms are most commonly used for expressing the efficiency of the separation of 
components using chromatography. Based on IUPAC 2017 recommendations [12], two 
adjacent peaks are considered separated from one another at a peak resolution (Rs) of unity. The 
peak resolution can be calculated as shown in eq. 2.3 for two adjacent peaks eluting at retention 
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 (eq. 2.3) 
Alternatively, the peak resolution (Rs) can be calculated by Purnell’s equation (eq. 2.4) using 










) (eq. 2.4) 
A second indicator for providing information on the separation of two adjacent peaks is the 
separation factor (α), expressed as a number larger than one. The larger the separation factor, 
the more the maxima of two adjacent chromatographic peaks are separated. The separation 





′  (eq. 2.5) 
where tR1
′  and tR2
′  are the adjusted retention times of two adjacent peaks appearing at retention 
times tR2 and tR1, with tR2>tR1. 
Additionally, the retention factor (k) is used to determine the time a sample component resides 
in the stationary phase relative to the time it resides in the mobile phase and expresses “how 
much a sample component is retarded by the stationary phase” [12]. This retention factor (k) is 
the ratio of the adjusted retention time of the sample component (𝑡𝑅
′ ) and the retention time of 





  (eq. 2.6) 
A common term used as an indication of the column efficiency, which influences the shape 
(width) of the peaks, is the number of theoretical plates (N). It is calculated based on the ratio 
of the retention time and the peak width (see Figure 2.1) at base (wb) or at half height (wh) 
(depending on how symmetric the peak shape is) as in eq. 2.6 which follows: 








)2 (eq. 2.7) 
The higher the theoretical plate number, the higher the efficiency of the column. Therefore, an 
efficient column will result in narrow peaks. Under isocratic conditions, the effective number 
of plates (Neff) is used instead of N, and is calculated by replacing 𝑡𝑅
  by 𝑡𝑅
′  in eq. 2.7. 
Finally, the resolution is affected by the height equivalent to a theoretical plate (HETP), which 




 (eq. 2.8) 




2.3 Components of HPIC systems 
Every HPIC system consists of the following key hardware components: (i) eluents, which 
make up the mobile phase, are placed in suitable reservoirs equipped with a degasser to 
eliminate air bubbles, (ii) a pump system with an optional gradient facility, (iii) a sample 
injection unit to introduce a known amount of sample onto the column for analysis, (iv) 
analytical column(s) for the separation of analyte ions from one another and a guard column to 
prevent contaminants damaging the analytical column and (v) a detector to quantify the 
separated sample ions, which is linked to a data processor that generates a digital record of the 
chromatograph on a computer screen. Each of these components are discussed into more detail 
in the following sub-sections. Polyether ether ketone (PEEK) is chosen for HPIC components 
(pumps, column heads, etc.) due to its ability to withstand high fluid pressures and its inert 
nature preventing any corrosion. Finally, all the components have to work together, therefore 
their characteristics must be compatible, for example the eluent should be suitable for the 
detector chosen, the elution conditions (flow rate, concentration, pH, etc.) should be appropriate 
for the column and detector, and rapid exchange of analytes between the phases must be 
prevalent. 
2.3.1 Eluents 
Eluents constitute the mobile phase in the chromatographic system and are prepared by 
dissolving acids or bases (buffers) in an aqueous solution. Eluents are stored in appropriately 
sized reservoirs, which for safety are placed in a leak tray. Prior to the introduction of eluents 
into the chromatographic system, the eluent should be filtered and degassed. It is advisable to 
use end-line nylon filters (0.2 or 0.45 µm) in each eluent take-up line to prevent the introduction 
of solid particles that could damage the pump(s) and column(s). To prevent the introduction of 
air bubbles into the HPIC system, the latter is equipped with a vacuum degassing module 
providing continuous online degassing of the eluent(s) prior to their introduction into the 
pump(s). Air bubbles cause random variations in the flow rate, damage the column stationary 
phase and lead to high noise in the signal if they reach the detector. 
Several characteristics of the eluent affect the retention of the analytes of interest. Firstly, the 
ionic strength of the eluent is determined by the concentration of the buffer ions. The higher the 
ionic strength of the eluent, the faster the elution of the analyte ions from the stationary phase 
due to stronger ion pairing with the eluent ions [11]. Secondly, the pH of the eluent will 
determine the degree of dissociation [14], the net charge of the eluent ions in the mobile phase 
[11] and the form of the ion-exchange functional groups in the stationary phase. The charge of 
solute ions which are weak acids or bases (including carboxylate anions, fluoride, cyanide and 
most amines) will also depend on the pH of the eluent [15]. Thirdly, the eluent flow rate is 
inversely proportional to the retention time. However, increasing the flowrate is limited by the 
column’s maximum operating pressure. Fourthly, the addition of organic solvent(s) to the 
eluent is suitable for the analysis of organic analyte ions, but does not affect the elution of 




2.3.2 Pump system 
The primary objective of the pump system is to force liquids through the chromatographic 
system in a stable, controllable and pressurized manner, whether that be introducing eluents 
onto the column (done by the analytical pump) or pumping liquids to be admixed with the 
column effluent prior to the detection stage (done by the post-column pump). The HPIC pump 
system can employ either a single pump (SP) or a binary pump (BP). The cost of pumps limit 
the maximum number of pumps supplied in commercially available HPIC systems to two. A 
SP system can deliver only one eluent at a time, whereas a BP system can mix two different 
eluents in any proportion and can also change that mixture over time. Changing the mixture of 
eluents over time is referred to as a gradient elution, as opposed to an isocratic elution. 
Alternatively, even more flexibility is obtained, at a lower cost, when a low-pressure quaternary 
gradient unit is installed prior to a pump, as indicated in Figure 2.2. Using a quaternary gradient 
unit permits mixing of up to four different solutions at pre-set proportions with respect to time 
by using a proportioning valve installed before the pump head. Each pump can consist of a 
single head or a dual head, and a pump system can be customized to have both types of pumps 
(single and dual headed). Pumps with a dual head, however, offer better accuracy in terms of 
flow rate delivery, and were therefore chosen for this work. The eluent passes successively 
through both pump heads, as shown in Figure 2.2. For eluent intake by the primary pump head, 
the piston is withdrawn from the pump head and the resulting suction closes the outlet check 
valve and opens the inlet check valve. Then, for eluent delivery from the primary pump head 
to the secondary pump head, the piston is inserted into the primary pump head, whereby the 
resulting pressure opens the outlet check valve and closes the inlet check valve. Meanwhile in 
the secondary pump head, the piston is retracted resulting in the eluent filling the secondary 
pump head. The secondary pump head releases eluent on the delivery stroke of its pump head. 
The two pump heads of the same pump operate anti-phase with each other, meaning that the 
delivery stroke of the secondary pump head is accompanied by a simultaneous refill stroke on 
the primary pump head. The secondary pump head is equipped with a pressure transducer to 
measure the pressure of the system. The pump motor speed is controlled by the instrument 
firmware installed on the computer connected to the HPIC system to ensure a constant flow 
rate versus the pressure. 
The piston seal wash system consists of a peristaltic pump that rinses the main piston seals with 
deionized filtered water to prevent eluent crystallization on the piston surfaces. 
In the gradient pump, a static mixer is placed after the secondary pump head to ensure that the 
eluents are mixed thoroughly. The static mixer is mandatory for the pump delivering the eluents 
to the column and optional for the post-column pump (if available). 
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Figure 2.2 Schematic representation of a dual pump head with a quaternary low-pressure 
gradient unit [16] 
2.3.3  Sample injection unit 
The injection of the sample onto the column can be performed manually, using manual injection 
valves, or automatically, using automated valves, depending on the sample nature and the set-up 
requirements. Automated valves are more precise, safer and simpler to use than manual ones. 
The operating principle of any type of valve equipped with a sample loop (with a defined 
volume) is to fill the loop in the LOAD position and to flush the loop’s content onto the column 
in the INJECT position. An example of a 6-port 2-way valve is presented in Figure 2.3. 
 
Figure 2.3 Positions of a 6-port 2-way valve equipped with a sample loop between ports 3 and 
6 
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2.3.4 Stationary phases and columns 
The stationary phase (or resin) in ion chromatography carries functional groups with a fixed 
charge. Respective counter-ions are located in the vicinity of the functional groups, resulting in 
electrical neutrality of the stationary phase [14]. The two main types of stationary phases are 
cationic exchangers for the separation of cations (or cationic complexes), and anionic 
exchangers for the separation of anions (or anionic complexes). Two types of cationic exchange 
resins exist, strong acid and weak acid cationic exchange resins. The main differences between 
these two types of cationic exchange resins are their cation exchange capabilities and the pH 
range over which they function. Strong acid cationic exchange resins function over the entire 
pH range [17]. Weak acid cation exchangers, however, are only effective above a pH of 4 and 
have a limited cation exchange capability. Strong acid cationic exchange resins are made by 
sulfonating latex particles and thus contain sulfonate functional groups (–RSO3
-, pKa = -3) 
bound to the resin [11, 14]. The hydrogen counter-ion in these columns can be exchanged for 
another cation from the sample or the mobile phase. Examples of strong cationic exchange 
columns include IonPac CS10 or CS3 (Dionex), Luna SCX (Phenomenex) and Nucleosil SA 
(Macherey-Nagel). In contrast, weak acid cation exchangers consist of polymer-coated silica 
particles functionalized with carboxyl (–RCO2
-, pKa < 3) groups (such as IonPac CS12, 
Dionex) or carboxyl and phosphonate (–RPO3H
–, pKa = 1.1 – 2.3, or –RPO3
2–, pKa = 5.3 – 7.2) 
groups (such as IonPac CS12A or CS15, Dionex) [11, 14]. One characteristic of weak acid 
cationic exchange resins is the dependence of the carboxyl group dissociation, and hence the 
ion-exchange capacity, on the pH of the sample [14]. 
Much like cationic exchange resins, strong base and weak base anionic exchange resins exist. 
Anionic exchange resins are formed in two steps, the first of which is the chloromethylation of 
a benzene ring in the styrene-divinylbenzene copolymer, followed by the reaction of the 
subsequent intermediate with an amine [11, 17]. Strong base anionic exchangers contain a 
quaternary ammonium functional group (–NR3
+) bound to the resin’s surface, and can function 
over the entire pH range. In contrast, weak base anionic exchangers are obtained by the reaction 
of a primary or secondary amine or ammonia with the chloromethylated copolymer and can 
only be used with solutions below a pH of 7 when the functional group is protonated [17]. 
Examples of anion exchange columns include PRP-X100 (Hamilton), LCA A01 (SYKAM), 
ExcelPak ICS-A23 (Yokogawa), in addition to more than 30 different anion exchange columns 
from IonPac AS1 to AS32 developed by Dionex.  
Mixed-bed ion exchanger columns, containing both types of functional groups, are also 
available and can act as both anion and cation exchangers. Examples of mixed-bed columns 
include IONPAC CS5 and CS5A.  
In addition to the functional groups present, columns can be defined according to their ion-
exchange capacity, which is the number of ion-exchange sites per weight equivalent of the 
column resin and is commonly expressed as milliequivalent per gram resin (mequiv.g-1) [11, 
14]. Ion-exchange capacity is proportional to the size and amount of latex beads. The column 
capacity, usually specified by the manufacturer, indicates the maximum amount of analyte that 
can be injected onto the column. It is not unusual for the column capacity to deteriorate the 
more the column is used. This can be due to column aging or irreversible adsorption of ions 
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from the mobile phase onto the resin. Additionally, the column efficiency is an important 
indicator of its performance and is discussed in more detail in section 2.1 of this chapter. 
Another important column feature is the resin’s selectivity, defined as the strength at which 
sample ions pair with functional groups on the resin [18], and which can be used to estimate 
the elution order of ions from the column. The different factors affecting selectivity have been 
discussed widely in the literature and can be grouped into (1) sample ion properties and (2) 
resin properties [6, 11, 14, 19]. Moreover, the addition of non-ionic eluent modifiers (such as 
acetonitrile, methanol and others) to the mobile phase affects the selectivity by influencing the 
solvation of stationary phase functional groups and solute ions, by changing the ion-exchange 
affinity of hydrophobic ions, or by changing the pKa of those solutes which are weak acids or 
bases [15]. 
Finally, to prevent contaminants from reaching the column and thus, to prolong the life of the 
column, a guard column is usually placed before the separation column and is commonly a 
shorter column packed with the same stationary phase as the separation/analytical column [11, 
19]. 
2.3.5 Detectors 
The detector is responsible for turning a chemical attribute into a signal corresponding to the 
concentration or amount of sample ions eluting from the column. The choice of detector 
depends on the type of application. Several different types of detector can be used in ion 
chromatography, and these can be classified into two main categories: electrochemical and 
spectrometric detectors. Electrochemical detectors include conductivity [20-22], potentiometric 
[23-25] and amperometric detectors [26-28], while spectrometric detectors, are based on 
absorption of ultraviolet-visible electromagnetic radiation (UV-Vis) [29-30] or fluorescence 
detectors [11, 14]. Detailed information on electrochemical and fluorescence detectors can be 
found in the cited literature. Additionally, also other types of detectors can be coupled to HPIC, 
and these include atomic spectrometric techniques such as atomic emission spectrometry, 
atomic absorption spectrometry and inductively coupled plasma-mass spectrometry (ICP-MS). 
Since UV-Vis and ICP-MS were used in this work, they will be discussed separately below and 
in chapter 3, respectively. 
2.3.5.1 UV-Vis detectors 
The operating principle of a UV-Vis spectrophotometer is rather simple. The solution entering 
the flow cell in the detector is irradiated with light of a specified wavelength and intensity (I0). 
Then, the detector measures the intensity of the light exiting the solution (I). Based on the Beer-
Lambert law, the absorbance (A), molar absorptivity (ε) and the optical path length of the flow 
cell (L) are used to determine the concentration of the solute (c) using the following equation 
(eq. 2.9): 
 𝐴 = 𝑙𝑜𝑔10 (
𝐼0
𝐼
) = 𝜀 · 𝑐 · 𝐿 (eq. 2.9) 
Different types of UV-Vis detectors for HPIC exist, of which two commonly used types are 
shown in Figure 2.4: variable wavelength detectors (VWD) and diode array detectors (DAD), 
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also known as photodiode array detectors (PAD). The main difference between these two types 
of detector is that with VWD, at any given time only one specific wavelength is monitored 
using a single photodiode detector, whereas with DAD, the full spectrum of light from the lamp 
passes through the sample in the flow cell and is detected simultaneously on a diode array 
detector. 
 
Figure 2.4 Simplified schematic representation of VWD and DAD components [31] 
 Additionally, there are two possible ways to detect species using a UV-Vis detector. If the 
species can absorb light in the UV-Vis region of the electromagnetic spectrum, then it can be 
detected by using direct detection, otherwise, it can be complexed with a colouring agent which 
absorbs light, using post-column derivatization. The UV range (from 100 to 400 nm) is most 
commonly used in direct detection, the UV radiation being generated by a Deuterium lamp, 
while the visible wavelength range (from 400 to 700 nm) is often used with post-column 
derivatization [11] where the light is provided by a Tungsten halogen lamp. Two of the most 
common colouring agents are 4-(2-pyridylazo)resorcinol (PAR), which has a red colour, and 
arsenazo III [Bis-(2-arsono-benzeneazo)-2,7-chromotropic acid], whose colour depends on the 
pH of the solution (with increasing pH, the colour of arsenazo III changes from reddish-purple 
to deep blue [32]). PAR forms chelate complexes with 34 metals [11] (including Cd, Co, Cu, 
Fe, Mn, Ni, Pb, Zn and the lanthanides) and absorbs between 520 and 535 nm. Arsenazo III is 
also mainly used for the detection of the lanthanides and actinides using UV-Vis spectroscopy 
and absorbs around 653 nm. Lower detection limits are obtained for the lanthanides when 
arsenazo III is used instead of PAR, which could be due to the different complexation behaviour 
of the two colouring agents with the lanthanides (as shown in Figure 2.5). Figure 2.5 shows the 











Figure 2.5 Structures of PAR and arsenazo III free and complexed with cation Mn+ 
The stoichiometry of metal-ligand complexes has been reported mainly as 1:2 for lanthanide-
PAR [33] and 1:1 for complexes of arsenazo III with lanthanides and divalent cations (such as 
uranyl) [34]. Nonetheless, this complexation behaviour is pH and concentration dependent. 
PAR has three dissociation constants (pKa1 ~ 3, pKa2 ~ 5.5 and pKa3 ~ 12) and therefore can 
exist in solution as either one of four differently protonated species: H3PAR
+, H2PAR, HPAR
- 
or PAR2- (structures of PAR species can be found in Figure 2.6.), depending on the pH of the 
solution (Figure 2.6) [35-36]. Whereas arsenazo III is an octahydroxy weak acid (RH8) with 
eight dissociation constants (pKa1 < 1.3, pKa2 < 1.3, pKa3 = 2.6, pKa4 = 4.3, pKa5 = 6.7, pKa6 
= 8.8, pKa7 = 10.6, pKa8 = 11) [32] and can exist in solution as different protonated species 
shown in Figure 2.7 depending on the pH of the solution. The effect of the pH change in solution 
on the absorbance and stability of the 1:1 lanthanide-arsenazo III complexes has been 
previously reported by Rohwer et al. [37]. Moreover, when the lanthanides are in excess, they 
can form 1:1 complexes with PAR [35] with formation constants reported to increase from 108.9 
to 1010.7 going from La to Lu [38]. For 1:2 lanthanide-PAR complexes, formation constants 
have been reported to be in the range of 109.2 to 1010.4 [39] and a molar absorptivity of 6.54 x 
104 M-1·cm-1 has been reported for Gd(PAR)2 complexes [33]. Whereas, under optimum pH 
conditions, formation constants of 1:1 lanthanide-arsenazo III complexes have been reported to 
be around 101.3 to 101.4 and molar absorptivity values vary between 8.16 x 104 M-1·cm-1 and 
8.78 x 104 M-1·cm-1 have been reported when going across the lanthanide series from Ce to Dy 
[37]. 
 
Figure 2.6 Distribution diagram of PAR species as a function of pH (left) [36] and structure of 
PAR species (right) [35] 
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Figure 2.7 Distribution diagram of Arsenazo III species as a function of pH (2-13) [32] and 
structure of all Arsenazo III species (pH 0-13) [32] 
2.4 Nuclear applications with HPIC 
In the context of this PhD, HPIC was used in the characterization of nuclear samples. Table 2.1 
gives an overview of literature employing HPIC for the separation of components in spent 
nuclear fuel (SNF). Overall, three categories of columns have been used for the separation of 
components in SNF, namely mixed-bed ion exchange columns, cation exchange columns, and 
reversed phase monolithic columns that were modified dynamically into cation exchange 
columns. Mixed-bed ion exchange columns can be used with oxalic acid to elute the lanthanides 
in the order of decreasing ionic radius (La to Lu) as negatively charged oxalate complexes, or 
with alpha-hydroxyisobutyric acid (α-HIBA) to elute the lanthanides in the opposite order as 
neutral species. The elution of Pu from mixed-bed ion exchange columns can be achieved by 
using either nitric acid or oxalic acid. Prior to its injection onto the column, an oxidizing agent 
is used to convert all Pu species in solution to one oxidation state. When nitric acid is used to 
elute Pu, the latter needs to be converted to Pu(VI) prior to its injection onto the column. 
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However, Pu(IV) is the preferred valency state when oxalic acid is used to elute Pu from a 
mixed-bed ion exchange column, since it is more stable than Pu(VI) at a pH of 4.8. Finally, U 
can be eluted either before or after the other SNF components, by using nitric acid or 
hydrochloric acid. However, since U is the major component of SNF, its elution prior to the 
other components is preferred to prevent its co-elution with other SNF components. Further 
information about spent nuclear fuel can be found in chapters 3-5. 
2.4.1 Nuclearized HPIC-SF-ICP-MS setup 
The HPIC system used in this work is flexible, in that it comprises various components 
including (i) a dual quaternary gradient pump system DP5000+ (Thermo Fisher Scientific), (ii) 
mixed-bed ion exchange guard and separation columns (IonPac CG5A & CS5A, Dionex), (iii) 
an autosampler to perform the injections automatically, (iv) three automated stand-alone 6-port 
2-way valves whose position and connections can be rearranged if desired, (v) a UV-Vis VWD 
detector making it possible to measure highly concentrated samples (mg·L-1) and (vi) a 
nuclearized “Element 2” (Thermo Fisher Scientific) sector field (SF) ICP-MS instrument for 
the precise and accurate determination of the separated sample ions. Except the pump system 
and eluent bottles, all components of this setup were placed inside an alpha-glovebox since 
these come in contact with radioactive sample solutions. A schematic representation of the setup 
can be found in Chapter 4. 
The chosen pump system permitted the use of up to four solutions with each pump which offers 
flexibility for separation method development. The analytical pump pumps the mobile phase 
into the columns and the post-column pump takes up the post-column reagent (used for UV-
Vis detection) or internal standard solution (used for SF-ICP-MS analysis) to be admixed on-
line with the column effluent in a T-piece before entering the chosen detector. The low pressure 
gradient of quaternary gradient pumps brings about inferior mixing and hence stability 
compared to binary pumps. Nevertheless, the price of a quaternary gradient pump is lower 
compared to a binary pump. Although a HPIC system consisting of two quaternary pumps was 
used in this work, one of the two quaternary pumps (the one pumping the internal standard or 
the post-column reagent) can be replaced by a binary pump since only 2 solutions were used 
with this particular pump (the internal standard or post-column reagent solution and water for 
rinsing the tubes). The flow rate used in both pumps was 0.125 mL·min-1. 
The mixed-bed ion exchange CS5A column has a hydrophobic microporous 55 % cross-linked 
divinylbenzene resin core (with a particle diameter of 9 µm) that has been agglomerated with 
two layers of permeable latex particles (the manufacturing process of CS5A is shown in Figure 
2.8), which carry the actual cation and anion exchange functional groups. One layer is a fully 
sulfonated latex layer for cation-exchange. The other layer is a fully aminated latex layer for 
anion-exchange. This characteristic of mixed bed ion exchange columns offers the flexibility 
needed during separation method development in terms of the eluent to be chosen for 
complexing with the analytes of interest. Therefore, the CG5A guard column and CS5A 
analytical column were chosen for this work as mixed bed ion exchange columns for their 
ability to separate transition and lanthanide metals. These columns are supplied in one length 
(250 mm for CS5A and 50 mm for CG5A) and two different internal diameters (2 and 4 mm 
for each of CS5A and CG5A). An increase in the internal diameter of a column is also 
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associated with an increase in the flow rate used. This correlation is shown in eq. 2.10 which is 
used to calculate the new volumetric flowrate (F2) needed to keep the linear flow rate constant 
when changing the internal diameter of a column from D1 to D2. F1 is the old volumetric 
flowrate. Therefore, the smaller internal diameter of 2 mm was chosen for this setup to better 






 ·  𝐹1 (eq. 2.10) 
 
Figure 2.8 Schematic representation of the steps in the manufacturing process of CS5A 
column [14] 
The use of columns with smaller particle sizes, as is the case in ultra-high pressure liquid 
chromatography (UHPLC), was not considered for this work. This would shorten the separation 
method and result in narrower chromatographic peaks, but would create an additional challenge 
to collect sufficient spectrometric data within the short elution time of the chromatographic 
peak. Poorer peak definition is expected to lead to poorer accuracy and precision of isotope 
ratios. In addition, further speeding up of the chromatographic method would not offer any 
substantial practical benefit due to the very low number of SNF samples that actually need to 
be measured on any given day and in view of the time consuming sampling, licensing and actual 
transport of samples and sample preparation in a nuclear hot cell, which all together can take 
weeks or months to achieve. 
The positions of the three valves could either be changed manually or programmed into the 
method setup, using the Chromeleon 7.2 software (Thermo Fisher Scientific). The first valve 
was equipped with a sample loop and was used to inject automatically and accurately 25 µL of 
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the sample solution onto the columns. This automation was also useful in reducing the radiation 
exposure of the analyst. 
A UV-Vis detector had also been installed in the glovebox as an alternative detection technique 
to SF-ICP-MS. The choice of two detection techniques offers flexibility when developing a 
chromatographic separation. For example, using the UV-Vis detector during the 
chromatographic method development can avoid unnecessary introduction of high 
concentrations of organic acids into the SF-ICP-MS unit and thus prevents clogging the orifices 
of the nebuliser and/or sampler and skimmer cones with salt deposits. 
After being admixed on-line with the corresponding post-column reagent, the column effluent 
entered the second valve which directed the flow to either the UV-Vis detector or to the third 
valve. During the analysis of SNF samples, the second valve was connected to a fraction 
collecting system instead of to the UV-Vis detector, to collect the eluting U fractions for off-
line analysis. The command for the second valve to change positions and direct the flow of 
column effluent to the fraction collection system for a specified time interval was included in 
the method setup in Chromeleon 7.2 software. The collected U fractions were admixed with the 
internal standard, thus causing a dilution by a factor of two, which was useful in preventing 
high concentrations of U from being introduced into the SF-ICP-MS instrument. 
Finally, if the column effluent reaches the third valve, it can either be introduced into the 
nebulizer of the SF-ICP-MS unit or directed to waste (in the case of highly concentrated rinsing 
solutions, or time regions of the chromatogram that are not needed for the analysis). In this way, 
the risk of irreversible contamination of the SF-ICP-MS unit with highly concentrated matrices 
is reduced. 
2.5 Conclusion 
Overall, the basic components of a HPIC set-up consist of eluent(s), a pump(s) system, an 
injector, column(s) and a detector. The characteristics of different components of an HPIC 
set-up depend on the type of analysis of interest. Additionally, it is essential to configure the 
HPIC set-up in a coherent and fit-for-purpose manner. The set-up used in this work offered the 
possibility to determine analytes by using either UV-Vis or SF-ICP-MS detection. Since the 
concept of UV-Vis detection in HPIC was discussed in this chapter, the next chapter will be 
dedicated to ICP-MS and specifically SF-ICP-MS. 
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Chapter 3 – Inductively coupled plasma-
mass spectrometry 
 
3.1 Introduction and overview 
In this PhD, high-pressure ion chromatography (HPIC) was coupled to a single-collector 
double-focusing sector field (SF) inductively coupled plasma-mass spectrometry (ICP-MS) 
instrument to perform nuclide-specific analyses. Since chapter 2 was devoted to HPIC, this 
chapter focuses on the basic principles and major components of ICP-MS and its application in 
the nuclear field. ICP-MS is an important analysis technique permitting the determination of 
nearly all elements of the periodic table along with their nuclide-specific composition. In 
comparison with other mass spectrometric techniques, such as thermal ionization mass 
spectrometry (TIMS), glow discharge mass spectrometry (GDMS) or secondary ion mass 
spectrometry (SIMS), ICP-MS can be used to analyse aqueous solutions easily and rapidly [1]. 
Common types of mass separators used in ICP-MS include the magnetic field, quadrupole filter 
and time-of-flight analyser. SF-ICP-MS instruments, as the name implies, are based on a 
magnetic sector field as the mass separator, and can be of the either single (magnetic field only) 
or double (with an electrostatic field in addition) focusing type. Two types of SF-ICP-MS 
instruments exist, based on the number of detectors: (1) single-collector instruments and (2) 
multi-collector instruments. Single-collector instruments, are equipped with one detector that 
detects ions with different mass-to-charge (m/z) ratios sequentially, and are operated under 
dynamic (scanning or peak hopping/jumping) conditions. In contrast, multi-collector 
instruments are equipped with several parallel detectors that can detect ions at different m/z 
ratios simultaneously, and are usually operated under static conditions (fixed magnetic field 
and acceleration voltage). Single-collector ICP-MS instruments are used for the accurate 
determination of elements at trace to ultra-trace concentrations, and their characteristic flat-top 
peaks (at low mass resolution) are valuable for precise IR measurements (RSD ≥ 0.05 %) and 
thus isotope dilution mass spectrometry (IDMS), which is the reason it was selected for this 
work. The first SF-ICP-MS instrument, “Plasmatrace”, was produced in 1988 by VG 
Elemental. However, the complexity of operation and the high purchase price of the first SF-
ICP-MS instruments limited the adoption of this type of instrument, especially with the 
existence of the much less expensive quadrupole-based ICP-MS instruments.  
It was not long after the first commercial availability of ICP-MS instruments that their coupling 
to speciation techniques became of interest. For example, the coupling of HPIC to a quadrupole 
ICP-MS was published as long ago as 1986 for multi-elemental separation and detection of 
separated metals [2] and 1989 for the determination of arsenic species [3]. A general increase 




Figure 3.1 Evolution of the number of publications related to the hyphenation of HPIC with 
ICP-MS over the years based on data extracted from Web of Science on October 05, 2020 with 
“HPIC” and “ICP-MS” as search terms 
3.2 Background on SF-ICP-MS 
3.2.1 Operating principle 
The basic principle of operation of a SF-ICP-MS is no exception to the common mass 
spectrometers’ operating principle, which consists of ionization of the sample components in 
an ion source, separating the ions based on their m/z ratio using a mass separator and finally 
detecting the ions and converting them to a quantifiable signal using a detector. In ICP-MS, the 
mass separator is operated under vacuum (10-6 – 10-10 Pa), whereas the ion source can be placed 
at ambient pressure (101,325 Pa). The magnetic sector is the core of a sector field mass 
spectrometer, and its operating principle is discussed in section 3.3.6 of this chapter. 
3.2.2 Isotope ratio measurement 
Isotope ratio (IR), defined in IUPAC as “the ratio of the number of atoms (N) of one isotope to 
the number of atoms of another isotope of the same chemical element in the same system” [4]. 
Thus, the isotope-number ratio of an element E with isotopes i and j in phase P, is calculated 




  (eq. 3.1) 
IR measurement is essential for the determination of the mass fractions of elements with the 
highest precision and accuracy using isotope dilution (further information in section 3.2.6.3 of 
this chapter). The precision of an IR is commonly expressed as the repeatability (RSD %) of 
IRs acquired in the different runs carried out in off-line mode (no transient signals). Different 


























single-collector SF-ICP-MS instruments provide more precise IRs than quadrupole-based 
instruments (explained in section 3.3.6 of this chapter). However, single-collector ICP-MS 
generally yield poorer precisions (RSD ≥ 0.05 %) than multi-collector ICP-MS instruments 
(RSD ≥ 0.002 %), owing to the simultaneous measurement of the different isotopes of interest. 
It is worth mentioning that TIMS was widely considered the benchmark technique for accurate 
and precise (RSD < 0.01 %) IR measurement. However, with the introduction of the first multi-
collector ICP-MS unit, the “Plasma 54” from VG Elemental (Winsford, UK) in 1992, TIMS is 
gradually being replaced by multi-collector ICP-MS, due mainly to the higher sample 
throughput possible with ICP-MS and the higher ionization energy of the ICP ion source [5]. 
This is illustrated by the fact that 60 percent of laboratories which acquired multi-collector ICP-
MS also have one or more TIMS instruments [6]. Nevertheless, ICP-MS has several notorious 
factors limiting its performance in comparison with TIMS including: abundance sensitivity, 
instrumental mass discrimination leading to biased IR data (see 3.2.3), dead time when using 
an electron multiplier as detector (see 3.2.4) and spectral interferences (see 3.2.5). Abundance 
sensitivity is defined by IUPAC as “a measure of the contribution of the peak tail of a major 
isotope (with a certain m/z value) to an adjacent m/z value” [4], and is determined by the 
resolution power of the ICP-MS instrument used. 
3.2.3 Instrumental mass bias 
Mass spectrometric measurement of an IR is hindered by instrumental isotopic fractionation, 
which is sometimes referred to as “instrumental mass fractionation”, “instrumental mass 
discrimination” or “instrumental mass bias”. All these variations on a theme describe the sum 
of effects occurring within all regions of the instrument that contribute to the difference 
(denoted by a K-factor as shown in eq. 3.2) between the measured isotope ratio (Rmeas) and the 
true isotope ratio (Rtrue). This difference will be referred to as mass bias throughout this 
dissertation. If mass bias is not taken into account, erroneous IRs are obtained. The 
understanding of the effects causing mass bias is still limited; however, there is a general 
consensus among mass spectrometrists on classifying these effects into either mass-dependent 
or mass-independent effects. Only mass-dependent fractionation will be considered in this 
dissertation, as causes of mass-independent effects are under debate. A couple of effects causing 
mass-independent bias are the nuclear field shift and the magnetic isotope effect and are 
discussed into further detail in the following literature: [7-9]. Mass-dependent effects include 
the space-charge effect and the nozzle separation effect [10], and lead to erroneous raw IR 
result. The space-charge effect takes place mainly after the skimmer cone and is considered the 
main contributor to mass bias, being caused by mutual repulsion (coulombic interaction) 
between ions of similar charges which leads to lighter ions being removed to a greater extent 
from the ion beam than heavier ions. The nozzle separation effect affects the extraction of ions 
from the ICP by the interface, causing heavier ions to be sampled more efficiently than the 
lighter ones. The space-charge effect and the nozzle separation effect do not counteract each 
other, but increase the mass bias in the same direction. 
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Different correction models have been presented to correct for mass-dependent effects of mass 
bias, of which the most popular are presented in eqs. 3.3 – 3.6, where ε is the mass bias per 
atomic mass unit and β is the fractionation factor. 
       𝐾𝑏𝑖𝑎𝑠 =
𝑅𝑡𝑟𝑢𝑒
𝑅𝑚𝑒𝑎𝑠
 (eq. 3.2) 
    Linear law:          𝐾𝑙𝑖𝑛 =
𝑅𝑡𝑟𝑢𝑒
𝑅𝑚𝑒𝑎𝑠
= (1 + 𝜀𝑙𝑖𝑛 · 𝛥𝑚) (eq. 3.3) 
  Power law:          𝐾𝑝𝑜𝑤 =
𝑅𝑡𝑟𝑢𝑒
𝑅𝑚𝑒𝑎𝑠
= (1 + 𝜀𝑝𝑜𝑤)
𝛥𝑚 (eq. 3.4) 
   Exponential law: 𝐾𝑒𝑥𝑝 =
𝑅𝑡𝑟𝑢𝑒
𝑅𝑚𝑒𝑎𝑠
= 𝑒𝜀𝑒𝑥𝑝.𝛥𝑚 (eq. 3.5) 






)𝛽 (eq. 3.6) 
The choice of one model over the other depends on the type of instrument being used. Based 
on a study by Quétel et al., when using single-collector ICP-MS, the different models yield 
similar results and uncertainties, and hence, the use of the simple linear model is sufficient to 
correct for mass bias [11]. The power and exponential laws are sometimes used to correct the 
instrumental mass bias with multi-collector instruments. On the other hand, Russell’s law, 
published in 1978 [12], is different from the other models and takes into account the actual 
isotopic masses instead of the difference in mass between them. 
It is possible to calibrate IRs for the effect of mass bias by establishing a relationship between 
the measured and true IRs, which are obtained by measuring certified reference materials or a 
constant IR in the sample itself. The calibration can be done using internal calibration, where 
the calibrant (reference) and the measurand are analysed simultaneously, i.e. in the same 
solution, or alternatively using external calibration, where the calibrant and measurand are 
measured sequentially in different solutions [13]. Both internal and external calibration 
methods can be performed with IRs of the same element (intra-elemental) or of a different 
element (inter-elemental) [14]. A requirement for implementing internal calibration methods is 
the existence of a (sufficiently) constant IR, either of the same element as the measurand (e.g. 
using 146Nd/144Nd for calculating the fractionation factor and correcting for 142Nd/144Nd in the 
same sample), or of a different element than the measurand (e.g. adding Zr to the sample and 
using 90Zr/91Zr to correct 87Sr/86Sr for mass bias). However, finding a constant IR is not 
applicable to spent nuclear fuel samples due to their varying nuclide-specific compositions. It 
is usually possible to add to the sample an isotopically certified reference material of an element 
close in mass to that in the sample, however the complex composition of spent nuclear fuels 
makes it hard to find a suitable reference material with an element which is not present in the 
sample. When an external reference material is added to the sample, it is advisable to have the 
calibrant and measurand at the same concentration, which could be a limiting factor with high 
concentrations especially when using separation columns with limited capacity. In such cases, 
external calibration, also known as standard-sample bracketing, is the simplest approach when 
using a sequential ICP-MS instrument coupled with HPIC to characterize spent nuclear fuel. In 
this approach, an isotopically certified reference material having a similar isotopic composition 
and concentration as the measurand is measured sequentially with the sample, with the 
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standards (the isotopically certified reference material) bracketing the sample(s). The K-factor 
determined from two sequential standards, through averaging or interpolation, is applied to the 
sample between them. It is preferable to isolate the analytes from the matrix prior to their 
analysis when using external calibration. If this is not possible, matrix- and concentration-
matching between the samples and the standards is required for this external calibration method 
to work successfully [13]. In this work, the sample analytes were always separated from the 
matrix using HPIC prior to the analysis with SF-ICP-MS. 
3.2.4 Dead time  
The dead time (τ) is the time period during which a pulse-counting electron multiplier is 
unresponsive to incoming ions due to handling the pulse generated by a previous ion by the 
associated electronics. While handling a pulse, the electron multiplier is incapable of 
determining a subsequent pulse [15], resulting in count rate losses and a shift from the linear 
response of the detector, which needs to be accounted for when aiming at accurate IR 
measurements. Different methods exist to correct the measured count rate for dead time, such 
as the one developed by Russ [16], by Held and Taylor [17], or the one by Baxter et al. [18] 
that was used in this work. In this last approach, the automatic dead time correction is first 
disabled in the instrument’s software. Then, different concentrations of elements having at least 
one pair of isotopes with a ratio significantly different from unity are measured in counting 
mode. The IRs measured in this work were 238U/235U (Rtrue = 137.8), 
138Ba/137Ba (Rtrue = 6.4) 
and 175Lu/176Lu (Rtrue = 37.5) in Spex standards (Boom Laboratoriumleverancier, Meppel, The 
Netherlands) with natural isotopic compositions (except for U that was depleted in 235U). The 
measured signal intensities for the major isotope should be higher than 106 counts per second 
(cps) but within the pulse-counting range limit of the detector, that is less than ~ 5 x 106 cps for 
the “Element 2” used in this work. Additionally, it is advisable to avoid excessively high count 
rates to avoid the onset of sag, resulting in additional count rate loss [18-19]. The dead time is 
then correlated to the measured signal intensities of the major (Imeas,M) and minor (Imeas,m) 
isotopes and can be calculated using the slope (a) and intercept (b) of the fitted data points (eqs. 




= 𝜏. (1 −
𝑅𝑡𝑟𝑢𝑒
𝐾𝑏𝑖𝑎𝑠
) . 𝐼𝑚𝑒𝑎𝑠,𝑀 +
𝑅𝑡𝑟𝑢𝑒
𝐾𝑏𝑖𝑎𝑠
  (eq. 3.7) 




  (eq. 3.9) 




Figure 3.2 Dead time calculated using Ba isotopes following the dead time correction approach 
developed by Appelblad and Baxter 
The dead time obtained with the three isotope pairs was found to be similar (20 ns) and was set 
in the instrument software for automatic correction of the measured intensities. 
3.2.5 Spectral interferences 
Different types of spectral interferences can occur for two or more ions having the same 
nominal m/z ratio such as monoatomic ions of isobaric nuclides (e.g. 144Ce+ and 144Nd+), 
polyatomic oxide ions (e.g. 142CeO+ and 158Gd+), hydroxide ions (e.g. 238UH+ and 239Pu) and 
others. Even though spectral interferences can be avoided by appropriate sample preparation 
for matrix elimination or the separation of the elements of interest (e.g. using chromatography) 
prior to the introduction of the sample into the ICP-MS, argon (Ar)-based ions (e.g. 40ArO+, 
40ArN+ and 40Ar2
+) generated in Ar based ICP can still interfere with sample analytes (e.g. at 
m/z 56, 54 and 80), leading to erroneous IR measurements. An unambiguous way to eliminate 
most spectral interferences in modern SF-ICP-MS instruments is to use high mass resolution 
setting [5]. If possible, interference corrections can be done based on isotopic reference values. 
3.2.6 Quantification methods 
In addition to IR measurements, ICP-MS is an accurate tool for elemental quantification. 
Various quantification strategies exist for ICP-MS and the choice of one method over the others 
depends on the desired precision and accuracy, the type of certified reference materials 
available and the amount of sample available. In this chapter, external calibration (one or 
multiple point calibration) and internal calibration methods such as standard addition and 
isotope dilution will be discussed, as well as noise correction using internal normalisation. For 
any calibration method, the traceability of the result should be evident, commencing with the 
gravimetric preparation of standards and samples until the amount of substance in the sample 
has been determined. 
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3.2.6.1 External calibration 
In external calibration, a correlation is established between the concentration of a substance in 
the standard and the response registered by the instrument. Several standards containing 
different concentrations distributed equally over the range of expected sample concentrations, 
are measured. The measured intensities, or peak areas in the case of transient signals, are then 
plotted against the corresponding concentrations and a linear regression line is fitted though the 
data points. That a calibration fit is satisfactory can be evaluated by the closeness of the 
regression coefficient (R2) to unity and by the mean squared weighted deviation. The 
concentration in the sample is then obtained by interpolation using the equation of the linear 
regression (slope and intercept). It is possible to use one-point calibration if the concentration 
of an analyte in the standard is as close as possible to the concentration of that analyte in the 
sample. This calibration method does not take into account potential spectral interference and/or 
non-spectral interference (matrix effect) and could lead to an erroneous estimation of the 
amounts of sample analytes if the latter are not separated from the matrix prior to the analysis. 
3.2.6.2 Standard addition 
Internal calibration using the method of standard additions is a suitable way to matrix-match 
the sample and the standard. The sample is split into different aliquots into which increasing 
known amounts of the standard are spiked, leaving one sample aliquot without standard. The 
spiked and unspiked samples are then measured and their corresponding signals are recorded. 
The recorded signals are then plotted against their corresponding spiked standard amount as 
shown in Figure 3.3. The signal of the unspiked sample will be at x = 0. The amount of analyte 
in the sample is then determined by extrapolating the linear regression to the x-axis. According 
to the RSC’s Analytical Methods Committee, it is possible to spike only one sample aliquot if 
the spiked amount is at least five times the amount of substance in the sample [20]. It is crucial 
for the sample and spiked standard to reach chemical equilibrium prior to measurement to avoid 
erroneous results. 
 
Figure 3.3 Principle of the method of standard additions 
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3.2.6.3 Isotope dilution 
A primary method is defined by CCQM as “a method having the highest metrological qualities, 
whose operation can be completely described and understood and for which a complete 
uncertainty statement can be written down in terms of SI units” [21]. For accurate and precise 
trace element analysis, IDMS is considered to have the potential of being a primary method of 
the highest metrological quality by CCQM of BIPM [21-22] (Consultative Committee for 
Amount of Substance of the International Bureau of Weights and Measures), generally 
providing better accuracy and precision compared to other calibration techniques. In IDMS 
analysis, a sample with an unknown concentration of an element (having at least two isotopes) 
is mixed and chemically equilibrated with a known amount of a spike isotopically enriched in 
a minor isotope of that element [23]. The ratio of that enriched isotope to a reference isotope in 
the blend or mixture is then measured using mass spectrometry [24]. For the best results when 
using a highly enriched spike, the absolute amount of spike should be approximately equal to 
that of the analyte in the blend [23], however a factor of 10 higher or lower is usually acceptable 
[24]; alternatively, as a rule of thumb, the ratio in the blend should approach the square root of 
the multiplication of the sample and spike ratios [25]. To determine the blend ratio which can 
be measured with the best precision, the error magnification factor can be used (refer to section 
5.3.2.1). Isotope dilution can be performed in batch or online. In batch isotope dilution, 
optimum blending is achieved by mixing the spike and the sample on a weight basis at the 
beginning of the analytical process [24]. Whereas in online isotope dilution, the isotopically 
enriched spike is mixed online at a constant flow rate with the flow containing the sample. To 
apply online isotope dilution, compound-independent sensitivity has to be demonstrated [26]. 
A major disadvantage of online isotope dilution in comparison to batch isotope dilution is that 
any loss of compound prior to isotopic equilibration cannot be corrected for [26]. Although this 
work included coupling of HPIC to SF-ICP-MS and IDMS was performed using transient 
signals, batch isotope dilution was preferred over online isotope dilution as the sample and the 
spike added to the sample then experience the same conditions (oxidation, separation, etc.) in 
the mixture and no additional bias is intentionally introduced. Additionally, the measurement 
of spikes separately from the samples was not performed in this work to avoid potentially 
contaminating the instrument with high amounts of the enriched isotopes. The spikes used in 
isotope dilution HPIC-SF-ICP-MS experiments in this work and their isotopic compositions are 
presented in Table 3.1. Therefore, the isotopic amounts (and their uncertainties) reported on the 
certificate of the reference materials used were corrected for radioactive decay if necessary 
(such as for all monitored Pu isotopes) and used in isotope dilution calculations. An example 
of measured transient signals in the sample and the blend of spent nuclear fuel using HPIC-SF-
ICP-MS can be found in Figure 3.4. 
  
52 
Table 3.1 Isotopic compositions of Pu- and U-enriched certified reference materials and Nd and 




Nuclide Amount fraction (·100) (U, k=2) 
IRMM-049d* 
n(238Pu)/n(Pu) 0.46898 (72) 
n(239Pu)/n(Pu) 0.21046 (12) 
n(240Pu)/n(Pu) 4.3611 (47) 
n(241Pu)/n(Pu) 0.17760 (60) 
n(242Pu)/n(Pu) 94.7575 (50) 
n(244Pu)/n(Pu) 0.024365 (50) 
   
IRMM-040a 
n(233U)/n(U) 98.0430 (57) 
n(234U)/n(U) 0.91454 (20) 
n(235U)/n(U) 0.2142 (55) 
n(236U)/n(U) 0.02412 (29) 
n(238U)/n(U) 0.8041 (19) 
   
Nd-146 spike  
produced in-house 
n(142Nd)/n(Nd) 0.43650 (97) 
n(143Nd)/n(Nd) 0.29826 (80) 
n(144Nd)/n(Nd) 0.7719 (21) 
n(145Nd)/n(Nd) 0.6416 (13) 
n(146Nd)/n(Nd) 97.5234 (33) 
n(148Nd)/n(Nd) 0.2255 (11) 
n(150Nd)/n(Nd) 0.1028 (15) 
   
Gd-157 spike 
characterised in-house 
n(153Gd)/n(Gd) 0.0040 (29) 
n(154Gd)/n(Gd) 0.0396 (14) 
n(155Gd)/n(Gd) 0.2928 (55) 
n(156Gd)/n(Gd) 1.675 (21) 
n(157Gd)/n(Gd) 88.37 (20) 
n(158Gd)/n(Gd) 9.07 (18) 
n(160Gd)/n(Gd) 0.547 (30) 




Figure 3.4 HPIC-SF-ICP-MS chromatograms of 239Pu and 240Pu in the sample (left) and the 
blend (right) 
The principle of IDMS is as follows: let nx and ny be the number of moles of the poly-isotopic 
element in the sample and the spike, respectively. Then, the number of moles of the same 
element in the blend can be expressed as nb, which corresponds to the following mass balance: 
 nb = nx + ny (eq. 3.10) 
Using eq 3.11, nx can be obtained from ny, Ry (known ratio in the spike), ΣRi,y (the sum of all 
isotope amount ratios in the spike), the measurement of the isotope amount ratio in sample (Rx) 
and blend (Rb) and the sum of all the isotope amount ratios in the sample (ΣRi,x). 






 (eq. 3.11) 
The number of moles (n) can be substituted by the mass fraction (w) using the correlation: 
 𝑛 =  
𝑤.𝑚
𝑀
 (eq. 3.12) 
where, m is the weighed mass (in g) and M is the molar mass (in g.mol-1). Therefore, eq. 3.11 
becomes: 












 [27] (eq. 3.13) 
The determination of the mass fraction in nuclear samples is used to make SI-traceable 
measurements. The correlation shown in eq. 3.13 is the primary IDMS equation, which is 
simpler than other isotope dilution forms (secondary, tertiary and quaternary IDMS) and is 
suitable for routine analysis. The main advantage of IDMS is that to quantify the element’s 
mass fraction, IRs are used, which are neither affected by incomplete recovery during sample 
pre-treatment [1, 23] nor by instabilities of instrumental parameters [28]. This is more accurate 
than other calibration techniques that use signal intensities [22, 28] normalised to those of an 
internal reference for quantification instead. Additionally, measuring IRs cancels out any matrix 
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effects [23-24] because the spike and reference isotopes are affected by the matrix to the same 
extent (within the isotope precision offered by single-collector ICP-MS).  
Despite being classified as a primary method, IDMS does not entail accurate results unless 
various prerequisites are met, such as isotopic equilibration within the blend. Any loss in sample 
or spike prior to isotopic equilibration can be an important source of error [24]. Nevertheless, 
total isotopic equilibration can be accomplished relatively quickly in single-phase systems 
(such as water) [22]. Additional features of IDMS that can be considered as limitations include 
its limitation in applicability to elements with at least two isotopes, the signal of which can be 
monitored interference-free. Furthermore, IDMS can be time-consuming since it requires the 
pre-determination of analyte mass fraction in the sample using a more traditional approach to 
make adequate decisions about the amounts of sample and spike to be mixed. In the case of 
nuclear samples, mass fractions of Pu, U and Nd in the fuel can be estimated from nuclear 
material accountancy data and the irradiation history of the fuel. Additionally, contamination 
during the sample preparation process cannot be corrected for. Finally, IDMS is a costly 
analysis specifically in terms of purchase of certified enriched spikes (if available), but also 
because of the need to know the isotopic composition of the sample [which if not of natural 
isotopic composition will require either information from the customer or an actual additional 
analysis using another calibration method (external calibration for example)] prior to isotope 
dilution, in order to determine the amount of sample and spike to be combined to produce the 
blend. However, enriched spikes can be used for many analyses, so whilst the upfront purchase 
costs of enriched spikes can be daunting, once purchased, their costs become divided over many 
analyses. 
3.2.6.4 Internal normalization 
In mass spectrometry, internal normalization is used to correct for drift in sensitivity of the 
instrument during a measurement performed for elemental quantification. Internal 
normalization is performed by adding a non-analyte single-element standard into solutions of 
the calibration standards, samples and blanks. Chemical properties of the internal standard 
should be similar to those of the analyte of interest. An internal standard can be used with 
external calibration and standard additions to normalize the signal intensity of the analyte, 
however, this is not done with isotope dilution which uses IRs instead of signal intensities, with 
these IRs being much more resistant to sensitivity changes than signal intensities are. 
3.3 Components of single-collector SF-ICP-MS 
The main use of single-collector SF-ICP-MS is the determination of elements at trace to ultra-
trace levels. Moreover, it shows a capability of fit-for-purpose precision in IR measurements 
owing to the capability of fast scanning / peak jumping and the flat-top peaks in low resolution 
mode making it fit-for-purpose in IDMS. Nevertheless, multi-collector mass spectrometers are 
the best equipped to obtain the best achievable IR precision. Figure 3.5 shows a schematic 
representation of SF-ICP-MS components. The following components of single-collector SF-
ICP-MS, specifically the “Element 2”, will be discussed in this section: (1) the sample 
introduction system, introducing the sample (or a representative part thereof) into the plasma, 
(2) the ICP, ionizing the sample analytes, (3) the interface, transporting the ions from 
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atmospheric pressure into the reduced pressure zone, (4) the ion transfer optics, accelerating the 
ions towards the mass analyser and focusing the ion beam, (5) the sector field mass separator, 
separating the ions according to their m/z ratio, (6) the slit system, permitting to switch between 
resolutions, (7) the lens filter, eliminating the impact of abundance sensitivity, (8) the detector 
and (9) the vacuum system, removing gas particles which could possibly interfere by colliding 
with the ion beam. 
 
Figure 3.5 Schematic representation of a double-focusing SF-ICP-MS unit with its various 
components [5] 
3.3.1 Sample introduction system 
The sample introduction system converts the sample into a form compatible with the plasma 
(wet/dry aerosol or gas) and introduces it into the plasma. The sample introduction system was 
called the “Achilles’ heel” of ICP-MS [29].This 1984 title still holds, especially since most of 
the problems that can occur with ICP-MS take place in the sample introduction system. The 
sample introduction system is under ambient pressure, which permits the continuous 
introduction of sample into the plasma, rendering sample introduction simpler than with other 
types of mass spectrometers where the ion source is operated at 10-6-10-10 Pa (TIMS) or at 100 
Pa (GDMS) [30]. Liquid samples are first pumped using a peristaltic pump, or a 
chromatographic pump in case of HPIC coupled to ICP-MS, into a nebulizer where the liquid 
is converted into an aerosol (mist of droplets), which then enters the spray chamber where a 
limited amount of droplets make their way into the plasma. Different types of nebulizers exist, 
some of which do not necessitate the use of a pump to introduce the sample, since they rely on 
the sample being sucked by the positive pressure of the nebulizer gas, a phenomenon referred 
to as the “venturi effect”. The nebulizer gas is the gas flowing in the nebulizer and breaking up 
the sample solution into an aerosol. The most commonly used types of nebulizers are the 
concentric nebulizer, which delivers < 20 % of the sample into the plasma when operated at 
flowrates between 0.1 to 1 mL·min-1 [31], and the crossflow nebulizer designs. When ICP-MS 
is coupled to nano-HPLC or capillary electrophoresis (CE), low-flow nebulizers (such as micro-
concentric and micromist nebulizers), which are reduced in size and made of inert polymer 
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materials, are required to operate at low flowrates in the µL·min-1 range and are efficient (up to 
100 %) in introducing the sample aerosols generated into the plasma [32]. Nebulizers are 
generally made of glass or quartz, however various types of polymers, such as perfluoroalkoxy 
(PFA), polytetrafluoroethylene (PTFE) or polyvinylfluoride (PVF) can be used for their 
corrosion-resistant and inert properties, which make them suitable for trace element analysis.  
After being converted into an aerosol, the sample enters the spray chamber where the larger 
droplets (> 8 µm in diameter [33]) strike the walls of the spray chamber or settle out by gravity 
to be drained away, leaving only the smaller ones to reach the plasma and therefore reducing 
the sample introduction efficiency by 10 to 100 times [5]. Another function of the spray 
chamber is to smooth out fluctuations in the flowrate induced by the pump, thereby improving 
the signal stability. Scott-type (also known as double-pass) spray chambers and cyclonic spray 
chambers are the most commonly used types of spray chamber and are illustrated in Figure 3.6. 
Both types can be made of glass or from polymers. However, longer washout time can be 
observed for polymeric spray chambers due to their beading and thus lower wettability than 
glass [33]. The finest aerosol can be obtained with the Scott-type spray chamber design [34] 
whereas a broader particle size distribution and higher introduction efficiency are obtained with 
cyclonic spray chamber [5, 35]. The signal stability can be increased by combining both types 
of spray chambers [36]. 
 
Figure 3.6 Aerosol droplet distribution in a Scott type spray chamber (left) [34] and in a 
cyclonic spray chamber (right) [35] 
Coupling the sample introduction system of an ICP-MS to HPIC is rather simple compared to 
the considerations that need to be taken with other chromatographic techniques, such as gas 
chromatography (GC) and CE. In GC, it is necessary to avoid condensation of the gaseous 
analytes eluting from the column prior to their introduction into the ICP. Therefore, the interface 
of the ICP-MS has to be heated to maintain the efficiency of the GC separation (resolution and 
peak shapes). To this end, several manufacturers, such as Agilent and Perkin Elmer, provide 
interfaces with a heated transfer line. However, the interest in GC-ICP-MS has been decreasing 
due to a lack of real sample applications and stable and reliable standards required for 
quantitative analysis [37]. Similarly, special considerations must be taken into account when 
coupling ICP-MS to CE, where the electrical circuit needs to be closed at the end of the CE 
capillary for a continuous electrical circuit to be applied [38]. In contrast, the only consideration 
in the coupling of HPIC to ICP-MS is the type of nebulizer to be used, which depends on the 
operating flow rate of the separation column and the chemical inertness/material of the 
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nebulizer. Additionally, a leak tight ferrule connection must be used at the nebulizer inlet when 
HPIC is coupled to ICP-MS to prevent any sample loss and introduction of air. 
3.3.2 Inductively coupled plasma 
The ICP is essentially a quasi-neutral ionized gas with charged and neutral particles and is 
currently the most widely adopted ionization source in mass spectrometry. Ar is the most 
commonly used gas for ICP, and was the one used in this work. Nevertheless, mixed-gas ICP 
and He ICP also exist and can be used when Ar ICP is not suitable [39]. Sample aerosol droplets 
make their way through the torch into the Ar ICP while being carried by a flow of Ar (sample 
gas ~ 1 L·min-1), and are desolvated, the salt particles thus formed are vaporized and atomized 
and these atoms subsequently ionized in the different zones of the 7,000 – 10,000 K ICP (as 
noted in Figure 3.7). The torch consists of three concentric quartz tubes (Figure 3.8) through 
which Ar flows at different rates. In the “Element 2”, the end of the torch is surrounded by a 
copper water-cooled load coil through which a radiofrequency (RF) current of ~ 27 MHz passes 
and generates a magnetic field of the same frequency around and inside the load coil. A high-
voltage spark seeds the plasma gas with free electrons capable of ionizing Ar atoms to “ignite” 
the ICP. The ICP is maintained by the collision-induced ionization of Ar as long as the cool gas 
(~ 15-20 L·min-1) keeps feeding Ar into the plasma and as long as the RF energy is supplied. 
In addition, the cool gas forms a physical barrier between the plasma and the torch, preventing 
the torch from melting. The auxiliary gas (~ 1 L·min-1) can be used to optimize the position of 
the ICP, whereas the sample gas transports the sample through the plasma, puncturing a hole in 
the centre, giving the plasma a toroidal shape. As the sample passes through the centre of the 
ICP, it is surrounded by high temperatures for a relatively long time (approximately 2 ms), 
compared with other ionization sources such as direct current plasma (DCP) where the sample 
travels along the outside of the discharge and does not experience high temperatures for as long 
as in an ICP [40]. Another advantage of ICP is its high ionization energy, which allows the 
simultaneous ionization of different elements including those with high ionization energies 
(such as W, Re, Os, Hf), a characteristic which is not possible with thermal ionization sources 
for example where only one element can be ionized at a time [41]. Characteristics of the ICP 
can be optimized according to the analyte species. For example, the higher the RF power 
applied to the ICP, the hotter the plasma becomes, which makes it suitable for analysing species 
with high ionization energies [40]. Additionally, the sensitivity of the instrument can be 
adjusted by changing the position of the torch or by changing the nebulizer gas flow rate, and 
thus the position of the plasma with respect to the interface, from the instrument software. 
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Figure 3.7 Ionisation temperatures for different regions of the ICP [40] 
 
Figure 3.8 Torch and load coil arrangement from “Element 2” manual (source: Thermo Fisher 
Scientific ©) 
The ICP consists mainly of Ar, but also contains traces of H, O, N and C as impurities in 
commercial Ar gas. Since the ionization energy of Ar is around 15.8 eV, the plasma contains 
enough energy to generate singly charged ions for most elements of the periodic table having a 
first ionization energy between 4 and 12 eV [42]. For elements having a second ionization 
energy lower than 15.8 eV, doubly charged ions can also be formed. The degree of ionization 
(in percentage) of an element in the ICP can be obtained from the Saha-Eggert equation [15]. 
Ions can be formed in the ICP by various non-selective processes, the most likely being electron 
impact, as described in eq. 3.14. 
 𝑀 + 𝑒− → 𝑀+ + 2𝑒− (eq. 3.14) 
Ions can also be formed in the ICP to a lesser extent by charge transfer (as shown in eq. 3.15) 
and by Penning ionization (as shown in eq. 3.16). 
 𝑀 + 𝐴𝑟+ → 𝑀+ + 𝐴𝑟 (eq. 3.15) 
 𝑀 + 𝐴𝑟∗ → 𝑀+ + 𝐴𝑟 + 𝑒− (eq. 3.16) 
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Several polyatomic ions and doubly charged ions are thought to be formed due to a secondary 
electrical discharge caused by capacitive coupling between the ICP and the grounded interface 
[43]. This secondary discharge can be eliminated by the use of a centrally grounded load coil, 
two interlaced and oppositely charged load coils or a grounded guard electrode between the 
load coil and the torch [44]. The latter approach is used in the “Element 2”. 
3.3.3 Interface 
After their formation in the ICP, ions pass through the interface which is at reduced pressure 
(10 – 100 Pa). The interface is generally made of two coaxial metal cones (sampler and skimmer 
cones) both of which have a small central orifice (around 1 mm for the sampler cone and around 
0.4 mm for the skimmer cone) for the passage of ions generated in the plasma (illustrated in 
Figure 3.9). The cones can be made of heat-conducting materials such as Ni or Al, however, 
for analysing corrosive solutions, Pt-covered cones are ideal. Upon entry into the interface 
region between the cones, the dramatic reduction in pressure causes a supersonic expansion of 
the extracted plasma, of which the central part passes through the skimmer cone aperture. This 
supersonic expansion is a major contributor to the mass bias observed in ICP-MS, since the 
lighter mass ions are more easily diffusing away from the centre of the ion beam than the heavier 
mass ions. The positive ions of this beam are then selected and directed towards the ion transfer 
optics, commonly using a negatively charged extraction lens. 
 
Figure 3.9 Schematic cross-section of ICP and interface [41] 
3.3.4 Ion transfer optics 
The ion transfer optics consist of one or more electrostatically controlled lenses (cylindrical or 
quadrupole) designed to extract, focus and accelerate the ion beam before it enters the mass 
separation component through its entrance slit. Additionally, the lens system shapes the original 
circular profile of the ion beam into a rectangular profile in accordance with the geometry of 
the entrance slit in the “Element 2”. The ions exiting through the orifice of the skimmer cone 
are accelerated over a potential difference of between 4,000 to 10,000 V, depending on the type 
of SF-ICP-MS instrument. In SF-ICP-MS, ions are accelerated up to three times than in 
quadrupole instruments, which is why SF instruments are more sensitive and have a more 
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uniform response throughout the mass range (2 to 260 u) [44]. The angular divergence of the 
ion beam is inversely proportional to the acceleration voltage, which is why high acceleration 
voltages are preferred [15]. The curved shape of SF-ICP-MS instruments (shown in Figure 3.5) 
hinders neutral species and photons from reaching the detector, causing an increased 
background or signal instability. Additionally, electrons and neutral particles are removed by 
the vacuum pumps after the interface region. An illustration of the ion transfer optics of the 
“Element 2” is shown in Figure 3.10. 
 
Figure 3.10 Ion transfer optics (source: Thermo Fisher Scientific ©) 
3.3.5 Slit system 
A pneumatic slit system defines the geometry of the ion beam and the mass resolution. The 
mass resolution can be selected by changing the width of the entrance and exit slits located at 
the entrance and exit of the mass separator components, respectively. Mass resolution (R) is 
defined by IUPAC as “the observed m/z value divided by the smallest difference Δ(m/z) for two 
ions that can be separated” [4]. Higher mass resolution is obtained by using narrower slits, 
lower mass resolution is obtained by using wider slits. However, as the resolution is increased, 
fewer ions pass through the slits and thus the intensity decreases [42]. In a single-collector 
double-focusing “Element 2” or “Element XR” unit (Thermo Fisher Scientific, Bremen, 
Germany), the resolution is determined by one of three slit openings on the slit holder (Figure 
3.11), permitting to change between low (R = 400), medium (R = 4,000) and high resolution 
(R = 10,000) in less than one second. In low resolution, the ion beam width is narrower than 
the exit slit, resulting in flat-top peaks. The spectral peaks become more triangular when 
increasing the resolution. The resolution is set by the user in the instrument’s software and the 
Ar pressure in the Bourdon tube (see Figure 3.11) changes accordingly (1 bar for medium R, ~ 
2.8 bar for low R and ~ 6 bar for high R), causing a proportional change in the dimensions of 
the Bourdon tube, and thus in the position of the slit support, located at the free end of the 
Bourdon tube, to one of the three resolution settings. 
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Figure 3.11 Variable entrance/exit slit unit for “Element 2” (source: Thermo Fisher Scientific 
©) 
3.3.6 Sector field mass separator 
The mass separator in double-focusing SF-ICP-MS instruments consists of a magnetic sector 
and an electrostatic analyser (ESA), separating ions based on their m/z ratio. The double-
focusing property originates from the energy dispersion of the magnetic and electric sectors 
being equal in magnitude but opposite in direction, which leads to focusing both the ion angles 
(first focusing) and energies (second focusing). When an ICP is used as the ionization source, 
it is beneficial to have a double-focusing setup since the energy spread of ions is large (up to 
20 eV), compared to other instruments equipped with “gentler” ionization sources, such as 
TIMS [5]. Additionally, thanks to their double-focusing capabilities, SF mass analysers show a 
higher resolution than traditional quadrupole mass analysers. The forward and reverse Nier-
Johnson geometries (Figure 3.12) are most widely used in commercial SF-ICP-MS instruments. 
The Nier-Johnson geometry was developed at the University of Minnesota in the 1950s [45] 
and is currently mainly applied in multi-collector SF-ICP-MS instruments. In this geometry, 
the ion beam is first deflected by 90° in the ESA and then by 60° in the magnetic field. In the 
reverse Nier-Johnson geometry, the same angles of deflection are used, but the magnetic sector 
is placed before the ESA. The reverse Nier-Johnson geometry is used mainly in single-collector 
SF-ICP-MS instruments. Since a reverse Nier-Johnson double-focusing SF-ICP-MS instrument 
was used in this work, the magnetic sector will be described before the electrostatic analyser in 
the following sections. 
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Figure 3.12 Schematic representation of forward (left) and reverse (right) Nier-Johnson 
geometries [15] 
After the ion transfer optics, ions enter the magnet where they are subjected to a magnetic field 
perpendicular to the plane of the ion beam, thus the ions move in a circular path and are 
dispersed (Figure 3.13) with respect to their masses and kinetic energies. The radius (rm) of the 
ion’s circular path can be calculated from eq. 3.17, using the accelerating voltage (V), the 
magnetic flux density (B) and the ionic mass (m) and charge (z). This equation is derived from 







 (eq. 3.17) 
After exiting the magnetic field, ions having the same m/z ratio are focused on a single point, 
although only one m/z ratio is focused perfectly on that single point depending on the magnet 
setting. In Figure 3.13 lines with the same colour illustrate paths of ions with the same m/z ratio. 
 
Figure 3.13 Sketch of a magnetic sector [46] 
Upon exiting the magnetic sector, the ions enter the radial ESA (Figure 3.14) where they are 
dispersed according only to their energies. The radius (re) of the ion’s circular path in the 
electric field can be determined from eq. 3.18. The ESA also provides angular focusing, as does 








Figure 3.14 Circular path of ions with different kinetic energies (E1 and E2) in ESA [5] 
Based on eq. 3.16, there are different ways to acquire a mass spectrum with a single-collector 
double-focusing SF-ICP-MS instrument: by changing either the magnetic field B (magnetic 
scanning or B-scanning) or the acceleration voltage (electric scanning or E-scanning). 
B-scanning is considered relatively slow, taking into account that it takes about 20 milliseconds 
for the magnet to settle (due to magnet hysteresis) after changing the magnetic field and 
measure at a specific mass compared to only 1-2 ms for a quadrupole; a full mass scan (0-250 
u) would take approximately 200 ms with a magnet compared to about 100 milliseconds with 
a quadrupole [42]. E-scanning is faster than B-scanning, but is restricted to a partial mass range 
due to the loss of sensitivity. Nonetheless, a better IR precision is obtained with E-scanning and 
low mass resolution (better than 0.05% RSD) compared to B-scanning and to a quadrupole-
based instrument [5]. However, under optimum conditions, IR precisions less than 0.1 % RSD 
can be obtained using quadrupole-based instruments equipped with a collision cell and applying 
collisional damping [47]. 
The detection of transient signals with single-collector SF-ICP-MS instruments was not 
considered for a long time due to the relatively slow scanning speed of such mass separators 
[48]. However, this changed with the introduction of laminated water-cooled magnets for SF-
ICP-MS instruments, resulting in minimal magnet hysteresis (instability after magnet jump) 
thus improving mass stability [46] and permitting scanning the entire mass range at speeds close 
to that of quadrupole-based instruments [49]. 
3.3.7 Detection system 
After the separation of ions based on their m/z ratios, ions pass through the exit slit and impinge 
on the detector located at the end of the mass spectrometer. The aim of the detector is to detect 
the ions of interest, to amplify and convert the signal into a current form, suitable for data 
processing. In modern SF-ICP-MS instruments, secondary electron multipliers (SEM) and 
Faraday cups are the most commonly used detectors. Faraday cups are used mainly for the 
detection and quantification of high ion currents [50] in multi-collector SF-ICP-MS instruments 
for simultaneous detection of multiple ions, resulting in highly precise IR measurements. 
Nevertheless, single-collector SF-ICP-MS instruments also benefit from using Faraday cups in 
addition to the SEM, as is the case in the “Element XR” and “AttoM” (Nu Instruments Limited), 
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to increase the linear dynamic range of the 
instrument from 9 to 12 orders of magnitude. In 
contrast, a SEM is several orders of magnitude 
more sensitive than a Faraday cup [51] and is 
currently the most commonly used ion detector 
in single-collector SF-ICP-MS instrumentation. 
The principle of SEM operation (illustrated in 
Figure 3.15) is as follows: when reaching the 
SEM, each ion impinges on a conversion dynode 
releasing one or more secondary electrons. The 
secondary electrons are then accelerated due to 
a potential difference between the front end and 
the back end of the detector. These accelerated 
secondary electrons hit a second dynode 
releasing multiple electrons. This process is 
repeated at 12-24 dynodes resulting in a cascade 
or avalanche of 104-108 secondary electrons, 
depending on the type and energy of the incident 
primary particle [5, 15, 51]. The dynodes are 
made of copper - beryllium (2 %) and silver - 
magnesium (2-4 %) alloys [51] with curved 
shapes (Figure 3.15) and their successive 
potential difference depends on the voltage 
applied to the multiplier [15]. A SEM can be 
operated in ion-counting (also called pulse-counting) mode for counting individual incoming 
pulses when signal intensities are low, but when the signal is high the analogue mode can be 
used where the intensity of a continuously variable current proportional to the number of 
incoming ions is measured. SEM detectors offer increased sensitivities by a factor of 105-108 
in comparison to Faraday cup detectors, plus a faster response time. Additionally, SEM 
detectors suffer from mass discrimination due to the increased speed of the lighter ions 
compared to heavier ions, and are subject to dead time (discussed in 3.2.4). 
3.3.8 Vacuum system 
The ion path in SF-ICP-MS is long, compared to that in quadrupole ICP-MS [15]. To prevent 
any collisions or interferences of the ion beam with air particles, the ion transfer optics system, 
mass separator, detector and all parts in between, are placed under high vacuum (10-6 – 10-10 
Pa) by using a differential pumping system. In the “Element 2”, a rotary pump is connected to 
the interface region and is called the interface pump. The interface pump operates separately 
from the high-vacuum system and is switched off when the plasma is shut down. Directly 
behind the interface region, a slide valve is automatically closed when the plasma is shut down 
to maintain the high vacuum behind the slide valve. After the interface, four turbo pumps ensure 
high vacuum in the transfer lens and focusing system (two turbo pumps), the flight tube in the 
magnet (one turbo pump) and in the ESA and detector (one turbo pump). 
Figure 3.15 Schematic representation of 
SEM operation [15] 
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3.4 Nuclear application of ICP-MS 
Determining the nuclide-specific composition of a nuclear fuel is essential before, as well as 
after its irradiation in the nuclear reactor, for purposes of licensing, non-proliferation of nuclear 
material (safeguards), understanding reactor operation and nuclear waste management [52]. 
The nuclide-specific characterization of nuclear fuel that has been irradiated, spent nuclear fuel 
(SNF), requires accurate and precise IR measurements of uranium (U), plutonium (Pu) and 
neodymium (Nd), the last of which is used as a fission product (FP) monitor [52-53]. The 
determination of nuclide-specific concentrations of gadolinium (Gd) nuclides can also be of 
interest in the case of alternative/experimental fuels, such as gadolinium nuclear fuel in which 
Gd is included in the fuel assembly as a burnable neutron absorber to improve reactor 
performance [54]. As fuels used in nuclear power reactors contain high amounts of fissile 
material, this implies a high reactivity, especially at the beginning-of-life. This high reactivity 
can often not be compensated for solely by control rod insertion or the presence of boron in the 
primary coolant. The use of burnable poisons (e.g., Gd in the form of gadolinium oxide) located 
inside the fuel rods was proposed as a solution to this issue [54]. Such fuel rods are inserted in 
the fuel assembly at specific positions, and can have a Gd content up to 10 wt% and a U 
enrichment similar to that of the surrounding UO2 fuel rods. The composition of the fuel 
depends mainly on the reactor type (light water, heavy water, etc). For example, for its use in a 
light water reactor, natural U (0.72% 235U) [52] is enriched in 235U (3–5%) [52, 55]. During 
irradiation, U is partially consumed, thereby creating transuranium elements (mainly Pu) and 
FP, 40% of which consists of rare earth elements (REE) [55], including two-thirds of the 
lanthanide series - lanthanum (La) to erbium (Er) - with maximum yields for Nd and cerium 
(Ce) [55]. After irradiation, U accounts for 95.5% of the non-oxide mass [55]. Plutonium can 
be present in SNF either as a product of neutron capture by 238U or it can have been added to 
the fuel prior to its irradiation [mixed oxide fuel (MOx)]. Reactor grade Pu is defined as material 
composed of more than 18% 240Pu [55]. The relatively high neutron cross-section of 240Pu limits 
its use in weapon-grade Pu, which contains at least 93 % 239Pu [55]. To determine the Pu 
isotopic composition in SNF, measuring 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, and 244Pu is of interest 
due to their high abundance. There are different techniques in the nuclear analysis laboratory's 
“toolbox” which can be used independently or interchangeably for the analysis of spent nuclear 
fuel [52]. Alpha spectrometry has been used traditionally for determination of the Pu isotopes 
in SNF [52]. However it is incapable of resolving the energies of alpha-particles from 239Pu and 
240Pu, and it cannot measure 241Pu, which undergoes beta decay, thereby providing incomplete 
information only. Furthermore, long measurement times are often necessary because of the long 
half-life of the Pu isotopes, except for 238Pu. Alternatively, thermal ionization mass 
spectrometry (TIMS) is a well-known technique applied routinely to determine the Pu isotopic 
composition and content in SNF [56]. However, the sample preparation required for TIMS and 
the measurement itself are much more time-consuming than for inductively coupled plasma-
mass spectrometry (ICP-MS). This led to an increasing application of ICP-MS for the 
determination of the nuclide-specific composition of SNF, instead of TIMS [52, 57]. The main 
advantages of ICP-MS lie in its broad elemental coverage, capability to measure ions of 
multiple elements per run, high sample throughput and relatively low purchase cost [57-58]. 
However, isobaric overlap must be eliminated for the accurate measurement of the isotopic 
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compositions of U, Pu and REE in SNF. The occurrence of notorious isobaric interferences, 
such as the overlap of the signals of 238U+ and 238Pu+ and of 142Ce+ and 142Nd+, and the formation 
of interfering polyatomic ions, such as 238U1H
+ jeopardizing the accurate determination of 
239Pu+, hinder ICP-MS analysis, but can be eliminated by using HPIC prior to introduction of 
the sample into the mass spectrometer for the most time-efficient and safest characterization of 
SNF [59-61]. Other complicating factors in ICP-MS are the effects of inadequate abundance 
sensitivity (section 3.2.2 of this chapter) [58], the mass bias effect (section 3.2.3 of this chapter) 
[52], and detector dead time (section 3.2.4 of this chapter), all of which the user must take into 
account. 
3.4.1 Nuclearization of a single-detector double-focusing SF-ICP-MS 
This section provides technical information about the HPIC-SF-ICP-MS setup used in this 
work. Personnel of SCK CEN, including the mentor and co-promotor of this PhD project were 
involved in selecting the instruments, as well as in customizing, setting up and optimizing the 
technical parameters of the glovebox setup. On the other hand, the PhD student was in charge 
of operating, maintaining and troubleshooting the HPIC and SF-ICP-MS parts when needed. 
This included tasks such as changing Rheodyne valves placed inside the glovebox and re-
installing the Chromeleon software on the computer controlling the HPIC parts. Pictures of the 
instrumental setup outside and inside the glovebox are shown in Figures 3.16 – 3.18. To 
accomplish this nuclearization of an “Element 2” coupled to an alpha-glovebox, many 
considerations had to be taken into account. Those considerations related to the instrument’s 
characteristics will be discussed first, followed by the characteristics of the alpha-glovebox. For 
the nuclearized “Element 2”, the interface region was elongated by the manufacturer (Thermo 
Fisher Scientific, Bremen, Germany) such that it can be physically fitted in the wall of the 
glovebox. A glovebox frame was provided to the manufacturer for the exact measurements and 
dimensions of the glovebox. The sample introduction system and the torch box had to be placed 
inside the glovebox due to the radioactive nature of the samples (due mainly to the presence of 
Pu in the samples). Since the interface of a nuclearized “Element 2” is longer than that in a 
regular “Element 2”, the manufacturer suggested to use the longer extraction lens of a Neptune 
for the nuclearized “Element 2” in our laboratory. In order to make manipulation of the torch 
as convenient as possible inside the glovebox, the torch box was placed on a stainless steel rail 
mechanism which can be opened electronically by a switch on the outside of the glovebox 
(Figure 3.19). The switch regulates the Ar gas pressure (by means of electronic valves installed) 
on both sides of a piston to move the torch box either away from or closer to the interface. 
Additionally, the building’s ventilation system did not provide a sufficient extraction flow rate 
(minimum 45 m3·h-1) from the torchbox, resulting in the inability to ignite the plasma in a closed 
glovebox. To make up for the 15-25 m3·h-1 extraction flowrate deficit, a Jacomex fan (model 
MKV 006-R, Figure 3.20) was purchased from TCPS (Rotselaar, Belgium) and connected in 
series with the extraction line of the glovebox at one end and to the building ventilation circuit 
at the other end. The fan is equipped with a regulator and can automatically and dynamically 
compensate for the extraction flowrate deficit, due to its coupling with an electronic box 
equipped with an alarm in case the exhaust airflow is below a preset value. The glovebox in 
which the torchbox is placed is equipped with a range of detectors capable of launching an 
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alarm signal, including a water sensor of which the alarm is activated if liquid deeper than 2 
mm is detected inside the glovebox, and a temperature alarm if the temperature inside the 
glovebox exceeds 45°C. There is also a Dwyer photohelic® differential pressure meter that 
gives an alarm in case the underpressure inside the glovebox is outside of the preset limits (i.e. 
30 and 40 mm water column). In response to an alarm or an electricity shutdown, magnetic 
valves in the O2 and Ar supply lines, close automatically for safety reasons. Having made all 
the above mentioned adjustments, the nuclearized “Element 2” SF-ICP-MS can be safely 
operated alone or in hyphenation with HPIC, which was done in this work. More details on the 
hyphenated setup will be given in the next chapter. 
 




Figure 3.17 HPIC setup at the side of glovebox 
 




Figure 3.19 Electronic box under the glovebox 
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Chapter 4 – HPIC-SF-ICP-MS separation 
method development and validation 
 
This chapter describes the work related to the first objective of this PhD: the development and 
validation of a separation method for the lanthanides, uranium and plutonium using HPIC-SF-
ICP-MS for the characterization of SNF and environmental soil samples. The separation 
method was developed using samples made from mixing mono-elemental standards, whereas 
the method validation was performed on real SNF and environmental soil samples. Isotope 
ratios (IRs) were not evaluated during the separation method development and validation. 
Portions of this chapter have been taken from a previous publication in volume 1617 of the 
peer-reviewed Journal of chromatography A (impact factor 4.049 in 2019) [1]. 
4.1 Introduction 
The aim of this step of the work is to separate the target elements (plutonium, uranium, 
neodymium and gadolinium) from each other in order to quantify them and their corresponding 
nuclides in the following step. To perform the separation safely and precisely, HPIC was chosen 
over gravitational ion chromatography. The gravitational ion chromatographic separation of the 
lanthanides is notorious for the time it takes (up to 2 weeks) and hence its labour intensiveness, 
the dose rate the operator is exposed to (up to 2 mSv·h-1) and the increased risk of radioactive 
contamination of the separation. Additionally, the samples used for HPIC-SF-ICP-MS are 
diluted 100-fold more (less than 20 µg of SNF and a uranium mass fraction of 1.6 µg·g-1 were 
needed for the HPIC-SF-ICP-MS analysis) than the ones used for gravitational ion 
chromatography followed by thermal ionization mass spectrometry & alpha-spectrometry (2 
mg of SNF and a uranium mass fraction of 160 µg·g-1 were needed). Therefore, the dose rate 
measured for the samples to be handled by the operator using HPIC-SF-ICP-MS for SNF 
analysis, is as low as the dosimeters can measure (< 1.15 µSv·h-1). Moreover, a higher dilution 
can be made in the hot cell for HPIC separation to keep the radiation risk to a minimum. For 
HPIC-SF-ICP-MS, the minimum volume needed for one injection of a sample was 0.5 mL of 
which 25 µL were injected onto the column. 
In previous studies, HPIC has been coupled to quadrupole-based and to multi-collector sector 
field ICP-MS instruments (as was shown in Table 2.1 of chapter 2) to determine IRs based on 
transient signals of analytes eluting from the different types of ion exchange columns. However, 
no previous study has investigated the coupling of HPIC to a single-collector SF-ICP-MS 
instrument to study lanthanides and actinides in various sample matrices. Nevertheless, the use 
of a single-collector sector field instrument can be advantageous for applications that require 
high sensitivity, but are less demanding in terms of IR precision (more details in chapter 3). A 
SF-ICP-MS unit offers a substantially higher sensitivity than does a MC- ICP-MS instrument, 
because it uses an electron multiplier for ion detection, while MC-ICP-MS uses Faraday 
collectors for this purpose. As a result, the concentrations of radionuclides in the samples to be 
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measured by SF-ICP-MS can be much lower than those required for measurement by MC-ICP-
MS. The purchase cost of a SF-ICP-MS instrument is also considerably lower (2 to 3-fold) than 
that for MC-ICP-MS instrumentation [2]. Another advantage of SF-ICP-MS over MC-ICP-MS 
is the higher number of nuclides that can be monitored in one injection or measurement method. 
Although the analyte nuclides are not monitored simultaneously, the single detector of a SF-
ICP-MS instrument is not as limited by a certain mass range and maximum number of isotopes 
that can be monitored, as is the case for a MC-ICP-MS instrument, in which the (custom) 
detector configuration determines the maximum number and mass range of isotopes that can be 
monitored simultaneously. Modern quadrupole ICP-MS instruments also offer high sensitivity 
in different matrices, but their compact design and small size render handling and maintenance 
inconvenient after their nuclearization in a glovebox. The size, thickness and flexibility of the 
gloves worn when working with the glovebox combined with the very restricted access to the 
small instrumental components (of a quadrupole instrument) make any maintenance work 
(especially manipulating tools and screws) to be performed on a nuclearized quadrupole ICP-
MS challenging. In addition, the flat-top peaks obtainable with SF-ICP-MS (at low mass 
resolution and even at medium mass resolution with an exit slit wider than the entrance slit [3]) 
result in better IR precisions than those attainable with quadrupole-based ICP-MS [2, 4] (see 
section 3.2.2 of chapter 3). These flat-top peaks are a characteristic of the mass spectrometer 
design, and, when measuring in low resolution mode, this holds true whether measuring off-
line or on-line. Therefore, the coupling of HPIC to SF-ICP-MS to measure radionuclides offers 
a fit-for-purpose precision and sensitivity.  
With this in mind, the objective of the current chapter does not involve measurement IRs, but 
is strictly focused on the separation of lanthanides, uranium and plutonium in different sample 
matrices and the quantification of concentrations of neodymium, gadolinium, uranium and 
plutonium nuclides from transient signals using external calibration. 
4.2 Methods 
4.2.1 Setup timings 
A schematic representation of the HPIC-SF-ICP-MS setup, which was described in section 
2.4.1 of chapter 2, is shown in Figure 4.1, where the blue rectangle represents the glovebox 
outline. Due to the unusually long distance between pump and injector in the setup, it takes a 
long time for the eluent to reach the column, and thus it was important to determine 
experimentally the time needed for the eluent to reach the different components (columns and 
detector) before developing the separation method. The time needed for the eluent to reach the 
inlet of the guard column was determined using a coloured Arsenazo III solution and a 
chronometer, with the tubing disconnected from the column. In contrast, the time needed for 
the eluent to reach the ICP-MS detector could be determined visually by a shift in the baseline 
of the chromatograms. 
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Figure 4.1 Schematic representation of the HPIC-SF-ICP-MS setup (the blue opaque rectangle 
represents the glovebox outline) 
4.2.2 SF-ICP-MS acquisition parameters 
The SF-ICP-MS parameters used during the development and validation of the separation 
method are presented in Table 4.1. 
Table 4.1 SF-ICP-MS parameters during the separation method development and validation 
Parameter Value / Description 
Mass resolution 400 
Scan optimization Speed 
Scan type E-Scan 
RF power 1250 W 
Detector dead time 17 ns 
Runs 450 
Passes 1 
Dwell time per nuclide 10 ms 
Mass window 150 % 
Integration window 40 % 
Cool gas flowrate 16 L·min-1 
Auxiliary gas flowrate 0.8 L·min-1 
Nebulizer gas flowrate 1.06 L·min-1 
Internal standard 205Tl in 0.75 M HNO3 
Nuclides monitored 139La, 140Ce, 141Pr, 142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd, 
150Nd, 147Sm, 152Sm, 153Eu, 155Gd, 156Gd, 157Gd, 158Gd, 160Gd, 
175Lu, 205Tl, 235U, 238U, 239Pu, 240Pu, 241Pu, 242Pu, 244Pu 
Used magnet masses (u) 139.905, 151.919, 234.040 & 238.049 
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4.2.3 HPIC-SF-ICP-MS separation method development 
4.2.3.1 Separation of lanthanides 
First, standard solutions (mixtures of Spex single-element standards diluted to 2.5 µg·L-1 for 
each element) covering the full mass range of the lanthanides (La, Ce, Pr, Nd, Sm, Eu, Gd and 
Lu) were injected onto the column. A gradient elution using a mobile phase with an oxalic acid 
concentration ranging from 0.1 to 0.15 M oxalic acid buffered to pH 4.5 with NH4OH was used 
to separate these lanthanides within the shortest possible run time. This gradient elution 
program is the same as the oxalic acid gradient presented in the overall elution method 
presented in Table 4.2. Peak resolutions (Rs) and the separation factors (α), both of which were 
calculated following IUPAC recommendations [5], were used to assess the separation of the 
peaks. 
4.2.3.2 Separation of uranium and lanthanides 
Subsequently, U was also included in the synthetic solutions (2.5 µg·L-1) and different eluents 
were tested for their ability to elute U before or after the lanthanides without disturbing the 
lanthanide separation. Different molarities of HCl (0.5 and 1 M), as well as 0.1 M oxalic acid 
buffered to a pH of 0.6 by addition of concentrated HCl, were tested for eluting U from the 
column, either before or after lanthanide elution. Speciation of the lanthanides and U under the 
different circumstances was predicted using Hydra/Medusa simulations. 
4.2.3.3 Separation of plutonium, uranium and lanthanides 
Finally, 242Pu was also included in the synthetic mixtures of U and lanthanides in order to 
optimize the HPIC-SF-ICP-MS method for separation and quantification of Pu, U, Nd and Gd 
within a single injection. This step was addressed as follows: Oxidation of plutonium. Pu (2.5 
μg·L−1) was oxidized to Pu(VI) in 40 nM KMnO4 12 hours prior to injection onto the column. 
The influence of temperature and concentration of nitric acid on the Pu(VI) peak position and 
width was investigated. 
The elution of Pu from the column, after oxidation with KMnO4 at room temperature, was 
investigated for different concentrations of nitric acid (0.4, 0.6, 0.8 and 1 M) and for 0.1 M 
oxalic acid at pH 4.5. In the final method including the determination of Pu, U and lanthanides, 
elution commenced with 1 M nitric acid, followed by a gradient of nitric acid - water and 0.1–
0.15 M oxalic acid at pH 4.5, as is shown in Table 4.2. The columns were washed and 
conditioned with 1 M nitric acid at the end of each run to re-equilibrate the column before the 
next injection and to prevent any U & Pu cross-contamination. 
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Table 4.2 HPIC elution program for the separation of plutonium, uranium and the lanthanides 







0.1 M oxalic 
acid pH 4.5 
(%) 
0.3 M oxalic 





0-5 100-75 0 0 0 5 
5-15 0 100 0 0 0 
15-25 0 0 100 0 0 
25-29 0 0 100-85 0-15 1.5 
29-39 0 0 85-75 15-25 1 
39-49 100 0 0 0 0 
4.2.4 HPIC-SF-ICP-MS separation method validation 
Once the HPIC-SF-ICP-MS separation method had been optimized, its analytical figures of 
merit were determined.  
4.2.4.1 Linearity 
Six different concentrations in the working range of each element of interest (Nd, Gd, U and 
Pu) were injected onto the column consecutively and were eluted using their respective mobile 
phase within the overall gradient elution program. Each data point of the monitored nuclides 
was then normalized versus the concomitant data point for the 205Tl internal standard (see 
section 3.2.6.4) using an Excel macro. The normalized data points were then fitted to a Gaussian 
model, using OriginLab, and the peak area under each curve was integrated and plotted versus 
the respective injected nuclide-specific concentration. The linear regression curves based on 
the calibration points of each nuclide of Nd, Gd, U and Pu monitored were inspected in terms 
of their regression coefficient (R2 > 0.9995) and residuals. 
4.2.4.2 Repeatability and intermediate precision 
Repeatability of the injections was investigated on the same day (6 injections) and over a one-
month period for each element using its corresponding eluent. The average retention times of 
the major isotopes of each element and their 2SD standard deviations were used to assess 
method repeatability. 
4.2.4.3 Limit of detection (LOD) & Limit of quantification (LOQ) 
The limit of detection for each isotope of Nd, Gd, U and Pu monitored (Table 4.1) was 
determined based on eq. 4.1 [6]. The blank equivalent concentration BEC (μg·L-1) was obtained 
by dividing the intercept by the slope using the LINEST function in Excel. 
 𝐿𝑂𝐷 = 𝐵𝐸𝐶 + 3𝑆𝐷𝑏𝑙𝑎𝑛𝑘 (eq. 4.1) 
In this equation, SD blank indicates the standard deviation of the blank concentration over 6 
injections due to the limited number of blank injections performed. Moreover, the LOQ was 
derived from the LOD as shown in eq. 4.2 [6]. 
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 LOQ = 3.3LOD (eq. 4.2) 
The nuclide-specific LOD and LOQ obtained as mass concentrations in the samples injected 
were then converted to masses by multiplying with the volume of the sample injected. 
4.2.5 Other matrices 
4.2.5.1 Spent nuclear fuel matrix 
A sample of an irradiated gadolinium nuclear fuel diluted in 1 M HNO3 was available in-house. 
This sample was diluted further to a uranium concentration of 500 μg·L-1, and spiked with 2.5 
μg·L-1 of La, Ce, Pr, Sm, Eu, Lu (to cover the full range of lanthanides and be certain that all 
lanthanides elute from the column) and 10 μg·L-1 of Nd. This solution generated peaks (i.e. 
transient ICP-MS signals) with sufficiently high intensities to demonstrate the chromatographic 
separation of these elements. KMnO4 was added to the sample as explained in section 4.2.3.3 
of chapter 4. The concentrations of Nd and Gd nuclides were determined by first integrating 
their respective peak areas from their transient signals, which were normalized against the 
transient signal of the 205Tl internal standard (see section 3.2.6.4), and then by interpolating 
their respective concentrations from external calibration curves established for each nuclide (i) 
(eq. 4.3). For Nd nuclides, the spiked concentration was subtracted from the concentration 
determined based on the peak area from eq. 4.3. The concentrations of Nd and Gd nuclides 
were then compared to those obtained previously by means of thermal ionization mass 
spectrometry (TIMS). 
 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑖 = 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑖  ·  𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑠𝑙𝑜𝑝𝑒𝑖 (eq. 4.3) 
4.2.5.2 Environmental soil matrix 
The applicability of the final separation method to environmental samples was verified by 
analysing a reference material (IAEA-375 certified soil standard). Sample preparation consisted 
of microwave-assisted acid digestion (Synergy SP-D, CEM) of 0.5 g of IAEA-375 at 175 °C 
for 10 min in 3 mL of concentrated hydrofluoric acid, 7 mL of concentrated nitric acid and 3 
mL of concentrated hydrogen peroxide. The sample was then evaporated to dryness on a 
hotplate, after which the residue was dissolved in 10 mL of 0.3 M nitric acid and additionally 
spiked with 2.5 μg·L-1 of 242Pu. The concentrations of 242Pu and of 238U in the sample were then 
determined using external calibration, and compared with the calculated concentration of 
spiked 242Pu and the recommended value for 238U on the IAEA-375 certificate. 
4.3 Results and discussion 
4.3.1 Setup timings 
It was found that, at a flowrate of 0.125 mL·min-1, it takes the eluent 3.1 minutes to reach the 
inlet of the guard column and 9.2 minutes in total to reach the ICP-MS detector after passing 
through the column. The latter time is deduced from the higher background in the HPIC-SF-
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ICP-MS chromatograms when the eluent is changed from water to oxalic acid. Therefore, any 
change in the eluent composition will only be detected after 9.2 minutes. 
4.3.2 HPIC-SF-ICP-MS separation method development 
4.3.2.1 Separation of lanthanides 
Using a gradient of oxalic acid concentrations from 0.1 to 0.15 M at a pH of 4.5 resulted in the 
lanthanides eluting from the column in the order La to Lu (Figure 4.2), with a resolution (Rs) > 
0.7 and a separation factor (α) > 1.1, as shown in Table 4.3. This separation permits quality 
assurance of burn-up determination by investigating results obtained using lanthanides used as 
burn-up monitors other than 148Nd, including 139La, 144Ce, 143+144Nd, 145+146Nd and 150Nd.  
 

















































Total retention time (min)
La
 
Figure 4.2 HPIC-SF-ICP-MS chromatogram of the separation of lanthanides (different colours 
refer to different monitored masses) 
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Table 4.3 Peak resolutions and separation factors of the lanthanides determined according to 
IUPAC recommendations [5] from three injections of a synthetic mixture of mono-elemental 
standards 
Element 









La 8.6 – 8.9 8.7 (1.4) 1.0 1.2 
Ce 10.1 10.1 (0.2) 0.7 1.1 
Pr 11.4 – 11.6 11.6 (1.1) 1.0 1.2 
Nd 13.2 – 13.8 13.5 (2.3) 4.4 1.6 
Sm 21.3 - 22.9 22.2 (3.8) 1.4 1.2 
Eu 24.6 - 26.4 25.8 (4.0) 1.0 1.1 
Gd 27.6 - 28.6 28.3 (2.0) 1.5 1.1 
Lu 31.0 - 33.4 32.1 (3.8) - - 
Lanthanides exist in solution as trivalent ions, with almost identical chemical properties, which 
makes their separation based solely on the selectivity of the ion exchanger challenging [4, 7]. 
However, the use of a complexing agent, such as oxalate [4, 8-11], permits the separation of 
lanthanide oxalate complexes based on their different stability constants by means of anion 
exchange chromatography [7]. 
Oxalic acid is the simplest dicarboxylic acid, has the chemical formula C2O4H2 and the 
structural formula as shown in Figure 4.3 below. The dissociation of the diprotonated oxalic 
acid into its conjugate base form (the oxalate anion C2O4
2−) occurs following eq. 4.4 and 4.5 
below. 
 
Figure 4.3 Structural formula of oxalic acid (C2O4H2) 
 𝐶2𝑂4𝐻2 ⇄ 𝐶2𝑂4𝐻
− + 𝐻+ (pKa1 = 1.23) (eq. 4.4) 
 𝐶2𝑂4𝐻
− ⇄ 𝐶2𝑂4
2− + 𝐻+ (pKa2 = 4.19) (eq. 4.5) 
At a pH of 4.5, oxalic acid (acid dissociation constant pKa2 = 4.19) is highly dissociated (eq. 
4.5) into its conjugate base form, which causes extensive complex formation (Ln(C2O4)3
3− [12]) 
with the trivalent lanthanides (eq. 4.6). The lanthanides were found to elute in the increasing 
order of their stability constants (logβ3) with oxalate (10.3 to 13.4), i.e. from La to Lu,. The 
stability constants of the smaller (thus heavier) lanthanides are larger due to their higher charge 
density, which is caused by the decrease in ionic radius along the lanthanide series as shown in 
Table 4.4 [7]. The stronger the negatively charged complexes, the more strongly they bind to 
the ion exchange resin. The latter effect is dominant and gives an explanation for the higher 
83 
concentration of oxalic acid needed to elute the smaller lanthanides from the CS5A column 
[13]. This elution order is in agreement with that reported previously by Perna et al. [9], namely 
that the elution of lanthanides complexed with oxalate proceeds in the order of increasing 
atomic numbers such that La is eluted first due to its weakest stability constant with oxalate 
(logβ3 = 10.3). 
 𝐿𝑛3+ + 3𝐶2𝑂4
2− ⇄ 𝐿𝑛(𝐶2𝑂4)3
3−
 (eq. 4.6) 
Table 4.4 Ionic radii of lanthanide cations Ln3+ [7] 
Ln3+ La3+ Ce3+ Pr3+ Nd3+ Sm3+ Eu3+ Gd3+ Lu3+ 
Ionic radius (pm) 103.2 101.0 99.0 98.3 95.8 94.7 93.8 86.1 
The lanthanides do not have a characteristic coordination number, however based on research 
performed in the past 20 years, analysis of coordination numbers of lanthanides indicates that 
lanthanides are most commonly found (60 % of known structures) in coordination numbers 8 
and 9 in complexes [7]. Therefore, lanthanides would be likely to have coordination number 8 
or 9 in complexes with the bidentate oxalate ligand and would be found as [Ln(C2O4)3(H2O)2] 
or [Ln(C2O4)3(H2O)3] in solution. Given that in complexes with a specific ligand, such as 
oxalate, the coordination number of the lanthanides commonly depends on their size [7], the 
coordination numbers of the lanthanides would be expected to increase from 8 (for La up to 
Sm/Eu) to 9 moving across the lanthanide series (based on lanthanides contraction). This means 
that complexes of the lighter lanthanides (from La to Sm/Eu) would have a square antiprismatic 
or dodecahedral structure (Figure 4.4), whereas the heavier lanthanides (from Eu/Gd up to Lu) 
would have a tricapped trigonal prismatic structure [7] shown in Figure 4.4. 
 
Figure 4.4 Expected geometries of lanthanides with oxalate in solution (taken from 
https://www.chemtube3d.com) 
The lanthanides, which were injected onto the column as cations binding to the cation exchange 
sites, elute upon complexing with oxalic acid as negatively charged complexes. However, these 
negatively charged complexes do not co-elute, but instead are separated from one another due 
to their interactions with the anion exchange sites present in the column, thereby making use of 
the essential characteristic of a mixed bed ion exchange column to load and separate species 
84 
with opposite charge. The heavier lanthanide ions are smaller in ionic radius than the lighter 
ones (Table 4.4) and thus have a higher charge density, thereby increasing their affinity towards 
the anion exchange sites of the resin. In this case, the ion interactions between resin and 
negatively charged complexes are dominant and more pronounced for the heavier/smaller 
lanthanides [12]. Thus, elution of the heavier lanthanides requires a higher oxalic acid 
concentration than that used for the lighter lanthanides (0.1 M). Hence, a gradient of 0.1–0.15 
M oxalic acid at a pH of 4.5 was used in order to elute the lanthanides in 35 min. This total run 
time is close to the 25 min achieved in other studies that used the same type of column (CS5A) 
to elute the lanthanides (La, Ce, Pr, Nd, Sm, Eu and Gd) with 0.1 M oxalic acid [8] and similar 
to the time needed (33 min) to elute the lanthanides with a gradient of 0.04–0.26 M α-HIBA in 
the reverse order (from Lu to La) [4]. However, using oxalic acid (up to 0.15 M) instead of α-
HIBA (up to 0.26 M) would be beneficial since lower concentrations of organic acid would be 
introduced into the SF-ICP-MS unit. 
Eluting the lanthanides in less than 40 min demonstrates that the HPIC-SF-ICP-MS method 
brings significant time-savings compared to other analytical methods for the separation of 
lanthanides, such as gravitational ion exchange chromatography that can take up to 2 weeks for 
irradiated nuclear fuels. Unlike other studies, we chose to adjust the pH of oxalic acid to 4.5 
using ammonium hydroxide instead of lithium hydroxide [8-10] to avoid contamination of the 
HPIC column and SF-ICP-MS unit with lithium. Moreover, eluting the lanthanides in the order 
La to Lu as oxalate complexes, instead of using other complexing agents (e.g. α-HIBA) to elute 
the lanthanides in the reverse order, saves time since Nd elutes within the first 15 minutes after 
injection compared to approximately 25 minutes otherwise. This is useful when analysing UOx 
SNF for burn-up determination since the run can be shortened and stopped after Nd has eluted 
from the column. 
Finally, oxalic acid salt deposition in both the spray chamber and the torch injector tube, as well 
as carbon depositions on the cones of the SF-ICP-MS instrument, were avoided by limiting the 
concentration of oxalic acid to 0.15 M. 
4.3.2.2 Separation of uranium and lanthanides 
The ASTM standard practice C1845 describes the elution of uranium using 1 M HCl followed 
by that of the lanthanides with a gradient of concentrations from 0.04 to 0.26 M α-HIBA at a 
pH of 4.5 from a cation exchange column [14]. For the purpose of this paper, a mixed bed ion 
exchange column is preferable since it elutes Nd faster and thus reduces the total run time. In 
addition, no decrease in sensitivity was observed when introducing 0.15 M oxalic acid for 
longer time periods into the mass spectrometer, unlike the decrease in signal sensitivity 
observed for the higher -HIBA concentrations needed to separate the lanthanides (personal 
communication). U exists in solution as the uranyl cation UO2
2+, which can be eluted from the 
CS5A column as a complex with chloride ions [4, 9] with a stability constant logK1 = −0.1 [7]. 
Therefore, in the first elution method, 0.5 M HCl was introduced onto the column after the 
oxalic acid gradient. However, this resulted in two distinct peaks for U [Figure 4.5 (a)]. It was 
hypothesized that the two peaks correspond to different uranyl species, which, according to the 
Hydra/Medusa speciation diagram (see Appendix Figure S4.1), would be UO2Cl
+ and UO2(ox). 
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To obtain just one uranyl species in solution, the elution order was reversed by using HCl as 
the initial mobile phase, followed by the oxalic acid gradient. Under these conditions, one broad 
peak was observed for U, but the lanthanides were no longer separated from one another (see 
Appendix Figure S4.2). A Hydra/Medusa speciation diagram shows two species, UO2Cl
+ and 
UO2
2+, which could overlap to generate the observed broad peak. It was hypothesized that 
residual HCl in the pre-column tubing was mixing with the incoming oxalic acid eluent, thereby 
causing a decrease in the pH (< 4.5) such that the lanthanides were no longer separated. This 
hypothesis was supported by experiments in which the column was flushed with water (to 
remove HCl) before starting the oxalic acid gradient elution. Under the latter conditions, the 
separation of the lanthanides was partially restored, but peak overlapping still occurred. Finally, 
when 0.1 M oxalic acid at pH 0.6 was used to elute U after the lanthanides, a narrow U peak 
was obtained [Figure 4.5 (b)]. This peak corresponds to the neutral species UO2(ox), as revealed 
in the Hydra/Medusa speciation diagram in the Appendix (Figure S4.3), which does not bind 
to the column and hence elutes as a sharp peak. The complex formation equilibrium constants 
of uranyl with oxalic acid have been reported in the literature to be LogK1 = 4.63, LogK2 = 4.05 
and LogK3 = 3.31, respectively [9]. For determination of both lanthanides and uranium (without 
plutonium) in a sample, this gradient elution method of 0.1–0.15 M oxalic acid at pH of 4.5 
followed by an isocratic elution with 0.1 M oxalic acid at pH of 0.6 is fit-for-purpose. 
 
Figure 4.5 HPIC-SF-ICP-MS chromatogram of lanthanides and U using a gradient of 0.1–0.15 
M oxalic acid at pH 4.5, followed by isocratic elution with (a) 0.5 M HCl and (b) 0.1 M oxalic 
acid at pH of 0.6 
4.3.2.3 Separation of plutonium, uranium and lanthanides 
4.3.2.3.i Oxidation of plutonium 
Due to the electrochemical properties of Pu, different Pu oxidation states ranging from +III to 
+VI can co-exist in solution [15-19] and each of the four states can form various complexes 
[16], resulting in several Pu species eluting separately from an ion exchange column [15-16]. 
For quantitative isotopic analysis, such as IR measurements, it is preferable to have only one 
peak for Pu. To achieve this, all Pu species were converted to Pu(VI) (which is stable in solution 
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and elutes as a sharp peak) by oxidation with KMnO4 [4, 20-21]. As a result of its high ionic 
charge, Pu(VI) readily strips oxygen atoms from water molecules and is present in aqueous 
solutions as PuO2
2+, known as the plutonyl ion [17]. 
4.3.2.3.ii Elution of plutonium, uranium and lanthanides 
Previous studies have reported that plutonyl can be eluted from the column used by complexing 
it with nitrate ions [4, 19]. Therefore, different concentrations of nitric acid were used to elute 
plutonyl from the column, and the resulting peaks were found to increase in intensity and 
become narrower with increasing nitric acid concentration over the range 0.4 to 1 M. However, 
for nitric acid concentrations < 1 M, a small peak preceding the one of plutonyl (Figure 4.6) 
was observed and attributed to hydrolysis of plutonyl. This behaviour was also predicted by the 
corresponding Hydra/Medusa speciation diagram (Appendix Figure S4.4), which indicated an 
increase in the concentration of the hydrolyzed (PuO2)2(OH)2 species with increasing pH, or in 
other words, at lower nitric acid concentrations. Therefore, 1 M nitric acid was used to elute Pu 
as a single peak from the column. 
 
Figure 4.6 Elution of Pu with different concentrations of HNO3 
The influence of temperature and concentration of nitric acid during the oxidation of Pu with 
KMnO4, on the plutonyl peak shape is shown in Figure 4.7. It can be seen in Figure 4.7 that the 
plutonyl peak is symmetrical when 2 % HNO3 is used during the oxidation with KMnO4. The 
effect of temperature on the plutonyl peak shape was found to be negligible. Therefore, once 
KMnO4 was added to the samples, which were prepared in 2 % HNO3, they were left at room 
temperature for 12 hours to convert all Pu species to Pu(VI). 
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Figure 4.7 HPIC-SF-ICP-MS chromatogram comparing the elution of Pu after its oxidation to 
Pu(VI) with KMnO4 under different conditions 
It was also found that uranyl eluted from the column as a complex with nitrate, yielding a peak 
that did not interfere with the Pu peak. The complexation of uranyl with nitrate has been 
reported previously in the literature, with a stability constant logK1 = −0.3 [7]. Despite uranyl 
being isostructural to plutonyl, the metal-O bond is shorter in the plutonyl ion due to the smaller 
ionic radius (and thus a higher charge density) for Pu compared to U (due to the actinides 
contraction similar to lanthanides contraction). This results in plutonyl having a higher charge 
density than uranyl such that plutonyl forms stronger complexes with nitrate causing Pu to elute 
first from the column with nitrate ligands in the eluent. Plutonyl nitrate complexes 
[PuO2(NO3)2(H2O)2] and uranyl nitrate complexes [UO2(NO3)2(H2O)2] both have a distorted 
hexagonal bipyramidal structure [22] (plutonyl nitrate structure is shown in Figure 4.8). 
However, the unit cell volume (equal to the cell-edge length cubed) is smaller for plutonyl 
nitrate than for uranyl nitrate, which could be due to the actinides contraction. 
 
Figure 4.8 Structure of plutonyl nitrate [PuO2(NO3)2(H2O)2] [22] 
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Subsequently, the elution behaviour of Pu(VI) with 0.1 M oxalic acid at pH 4.5 was 
investigated, in order to decide the final elution order of Pu, U and the lanthanides. In this case, 
multiple Pu peaks were observed (Figure 4.9). This could be due to the reduction of plutonyl to 
Pu4+, Pu3+ and PuO2
+ in the oxalic acid medium [23] (section 2.4 of chapter 2) and/or to 
formation of different complexes of plutonyl with oxalate (Hydra/Medusa speciation diagram 
in Appendix Figure S4.5). Hence, in order to avoid multiple plutonium peaks, Pu must be eluted 
before the introduction of oxalic acid into the column (therefore, prior to elution of the 
lanthanides). 
 
Figure 4.9 Elution of Pu with 0.1 M oxalic acid pH 4.5 
 
Figure 4.10 HPIC-SF-ICP-MS chromatogram of the separation of Pu, U and the lanthanides in 
a synthetics mixture 
Finally, Pu was included in a synthetic mixture of U and lanthanides to elute all components in 
a single chromatographic run. This resulted in plutonyl and uranyl both eluting as neutral nitrate 
complexes (albeit with different stability constants and thus, retention times), followed by the 
lanthanides as oxalate complexes (Figure 4.10). 
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Given that Am interferes with Pu at more than one mass (241 and 242), it is important to 
chromatographically separate it from Pu to avoid erroneous determination of the elemental and 
nuclide-specific mass fractions of Pu in SNF samples. However, Am is present as Am3+ in 
solution, and is expected to elute as Am(C2O4)3
3- with oxalic acid eluent based on results 
obtained by Perna et al. [9]. Using our separation method for the SNF samples measured, the 
peak observed at mass 241 during the elution of Ce (Figure 4.11) corresponds to 241Am eluting 
as Am(C2O4)3
3- from the column. This result confirms that Am elutes separately from Pu using 
our separation method, therefore eliminating isobaric interferences between Am and Pu and 
avoiding erroneous determination of elemental and nuclide specific Pu mass fractions in SNF 
samples.  
 
Figure 4.11 HPIC-SF-ICP-MS chromatograph of 241Am elution using 0.1 M oxalic acid 
buffered to pH 4.5 using NH4OH 
Rinsing with water between the nitric acid and oxalic acid eluents was necessary to avoid a 
decrease in the pH of the oxalic acid that would otherwise lead to a poorer resolution in the 
separation of the lanthanides. When the oxalic acid reaches the ICP-MS introduction system (t 
= 23 min) a peak arising from the disequilibration in the ICP appears in the 238U signal. This 
peak is quantifiable and does not interfere with any other signal. If needed, by automatically 
switching the second 6-port-2-way valve, the eluted U can be collected in a Falcon tube, which 
can contain an appropriate diluent and internal standard. The fraction collected in this way can 
serve later for determination of IRs by means of continuous aspiration into the SF-ICP-MS 
instrument. Moreover, the use of OPTIMATM grade nitric acid was found to be essential to 
avoid accumulation of lanthanides on the column during the first 5 min of the final elution 
program, during which nitric acid is used as the eluent. The use of this grade of nitric acid was 
preferred due to its ultra-low concentrations of lanthanides (< 10 ppt). Accumulation of 
lanthanides using OPTIMATM grade nitric acid was ≤0.079 pg, compared to ≤8.1 pg with trace 
metal grade nitric acid. The lanthanide impurities present in nitric acid would accumulate on 
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the column during the first part of the final elution program. Introducing oxalic acid onto the 
column in the next step of the final elution program would then elute both the accumulated 
lanthanides due to impurities, as well as those lanthanides originating from the actual injected 
sample, giving rise to an increase in blank concentrations and hence LODs. Therefore, the use 
of OPTIMATM grade (or equivalent purity) nitric acid is recommended. Finally, the introduction 
of the 205Tl internal standard through the post-column reagent pump and its mixing with the 
column effluent allows short-term changes in sensitivity to be corrected (see section 3.2.6.4). 
In addition, the pH of the column effluent is lowered by the matrix (0.75 M nitric acid) of the 
post-column medium. As a result, the nitric acid concentration of the nebulized sample is 
adjusted to the default concentration of 0.3 M, which improves the stability of the ICP-MS 
signal. 
4.3.3 HPIC-SF-ICP-MS separation method validation 
4.3.3.1. Linearity 
The lowest calibration point was set at a concentration higher than the method LOQ whilst the 
upper calibration point was set at 4 times the concentration of Nd, Gd, Pu and U standards in 
the synthetic mixture used during method optimization to avoid exceeding the column capacity. 
These concentrations were chosen such that signal count rates in the effluent lay within the 
pulse counting range of the electron multiplier in the SF-ICP-MS instrument. The linearity of 
the calibration line was assessed in terms of regression statistics. The correlation coefficients 
of the linear regression plots were found to be > 0.9995 for all evaluated nuclides of Nd, Gd, 
Pu and U (Figures S4.7 – S4.10 in this chapter’s appendix). Furthermore, the residuals indicated 
a good fit between the data and the regression model. The plot of the residuals versus the nuclide 
concentration showed a random distribution of the residuals around zero (Figures S4.11 – S4.14 
in this chapter’s appendix). This demonstrates that the method is at least linear in the working 
range of 1–10 μg·L−1 for Nd, 10–100 μg·L−1 for Gd, 1–10 μg·L−1 for Pu and 0.5–24 μg·L−1 for 
U. 
4.3.3.2. Repeatability and intermediate precision 
The variation in the retention time of the monitored analytes was negligible within one day, as 
is shown in Table 4.5. Furthermore, over a period of 1 month, the retention time of Gd was 
found to increase by up to 4 min and that of Nd by less than 1 min, while no significant 
difference was observed for Pu and U. Any observed shift in retention times did not deteriorate 
the separation between the elements, but nonetheless indicated the impact of the eluent’s pH 





Table 4.5 Average retention time with the standard deviation (SD) and the relative standard 
deviation (RSD) of six replicates of a Pu, U, Nd and Gd standard 
Nuclide Retention time (min) SD (min) RSD (%) 
242Pu 3.91 0.02 0.6 
238U 18.50 0.19 1.0 
142Nd 15.57 0.07 0.5 
158Gd 31.59 0.10 0.3 
4.3.3.3. LOD and LOQ 
The calculated nuclide-specific LOD and LOQ values are reported in Table 4.6 (not enough 
data to determine LODs and LOQs for all nuclides of U and Pu). These values give an overview 
of the capabilities of this HPIC-SF-ICP-MS method. The LOD values obtained with HPIC-SF-
ICP-MS fall short of those achieved with SF-ICP-MS alone, which are in the range of fg 
amounts. This is due to the dilution of the injected sample volume (25 μL) by the eluent and 
post-column added internal standard (about 0.5 mL) and to the fact that an ICP’s pneumatic 
nebulizer with relatively large internal volumes cannot equilibrate quickly enough to the fast 
changing concentration of the analyte eluting from the HPIC column in a small volume (e.g. 25 
μL) [15]. Nevertheless, the limits of detection achieved by this HPIC-SF-ICP-MS method are 
lower than those reported by another study (2.91 µg·L-1 for U and 0.026 µg·L-1 for Pu [15]) that 
used HPIC coupled to a quadrupole-based ICP-MS unit. 
Table 4.6 LOD and LOQ for the monitored nuclides 
Nuclide Nuclide-specific LOD (µg·L-1) Nuclide-specific LOQ (µg·L-1) 
142Nd 0.067 0.22 
143Nd 0.031 0.10 
144Nd 0.070 0.23 
145Nd 0.022 0.073 
146Nd 0.055 0.18 
148Nd 0.019 0.063 
150Nd 0.016 0.054 
155Gd 0.047 0.16 
156Gd 0.074 0.25 
157Gd 0.050 0.17 
158Gd 0.066 0.22 
160Gd 0.082 0.27 
238U 0.065 0.21 
240Pu 0.0029 0.0096 
242Pu 0.015 0.048 
244Pu 0.00042 0.0014 
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4.3.4 Other matrices 
4.3.4.1 Spent nuclear fuel matrix 
In the HPIC-SF-ICP-MS chromatogram (see Figure 4.12) of the Gd-containing nuclear fuel, 
Pu, U and the lanthanides were eluted using the final optimized method and the same peak order 
and resolution as observed with synthetic solutions was obtained, which demonstrates the 
applicability of the method to a SNF matrix. The on-line separation method permits IRs to be 
measured in SNF samples since all spectral interference from isobaric nuclides were resolved. 
Since U is the main component of SNF with a concentration at least a hundred times higher 
than that of the lanthanides [4], eluting U prior to the lanthanides avoids matrix interferences 
hampering quantification of the lanthanides. Using HPIC-SF-ICP-MS for the analysis of SNF 
instead of gravitational ion chromatography followed by TIMS not only saves time, it also 
reduces the amount of radiation to which the operator is exposed. 
Furthermore, a comparison of Nd and Gd nuclide-specific concentrations, in a spent “Gd fuel”, 
obtained by external calibration with HPIC-SF-ICP-MS (see 4.2.5.1) and those obtained by 
means of isotope dilution TIMS is summarized in Table 4.7. However, no external precision 
value is reported since the results are based on a single measurement and the ultimate goal of 
this work is to quantify the nuclide specific mass fractions of Pu, U, Nd and Gd using isotope 
dilution and not using external calibration. Nevertheless, the uncertainties obtained using 
external calibration are expected to be of the order of 5 to 10 % (k=2) (see section 3.2.6.1 of 
chapter 3). 
Nd is a fission product formed by irradiation of the fuel. While Gd is also formed by fission, 
but in lower amounts than Nd, Gd can also be mixed in as a burnable poison in the fuel assembly 
for improving the reactor performance (see section 1.4.3.2 of chapter 1) [25]. The nuclide-
specific concentrations of the Nd isotopes obtained by HPIC-SF-ICP-MS lie within a range of 
± 6 % of those obtained by TIMS, whereas the nuclide-specific concentrations of the Gd 
isotopes lie within a range of ± 11 % of those obtained by TIMS. For this particular nuclear 
fuel, the concentration of 157Gd in the diluted sample was below the nuclide-specific LOQ for 
157Gd (0.17 μg·L−1). The low concentration of 157Gd is due to the high neutron absorption cross-
sections of 157Gd compared to those of the other Gd isotopes (see section 1.4.3.2 of chapter 1) 
[25]. As a result of its high neutron absorption cross-section, during irradiation of the fuel, 157Gd 
is transformed into 158Gd, thereby drastically decreasing the concentration of 157Gd compared 
to those present in the original fuel. The low abundance of 157Gd, after irradiation, contributes 
to the discrepancy between HPIC-SF-ICP-MS data and TIMS data for this Gd isotope. 
Theoretically, the intensity of 157Gd chromatographic peak should be higher than that of 152Gd, 
however, the measured intensity of the 157Gd chromatographic peak was less than the one 
measured for 152Gd (Figure S4.6 in the Appendix of this chapter), which implies an erroneous 
result for 157Gd since the concentration of 152Gd was 102 % of that determined by TIMS. Since 
this sample was only measured once, verification of the 157Gd data could not be done. Given 
that data shown in Table 4.7 was obtained at an early stage of the verification of the quantitative 
aspect of the HPIC-SF-ICP-MS method and that the ultimate goal of this work is to quantify 
nuclide-specific concentrations using isotope dilution (and not by external calibration), not all 
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relevant nuclides were measured (including 150Nd and 154Gd) which is why concentrations for 
these nuclides are missing in Table 4.6. 
 
 
Figure 4.12 HPIC-SF-ICP-MS chromatogram of the separation of Pu, U and the lanthanides in 
a spent “Gd fuel” sample 
Table 4.7 Comparison of nuclide-specific concentrations obtained using HPIC-SF-ICP-MS 









/ TIMS (·100) 
142Nd 0.00089 0.00090 98.1 
143Nd 0.153 0.158 96.9 
144Nd 0.164 0.167 98.3 
145Nd 0.107 0.113 94.7 
146Nd 0.099 0.101 98.4 
148Nd 0.059 0.059 99.3 
152Gd 0.109 0.107 101.4 
155Gd 0.54 0.53 100.6 
156Gd 25.85 25.78 100.3 
157Gd 0.03 0.22 15.5 
158Gd 30.11 30.79 97.8 
160Gd 18.34 16.54 110.8 
4.3.4.2 Environmental soil matrix 
The soil standard material contains 0.03 pg of Pu per gram soil material (concentration expected 
in solution = 0.14 ng·L-1). The chromatographic peak corresponding to such a low concentration 
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of any Pu isotope would not be detectable with this hyphenated method. Therefore, 242Pu was 
spiked into the standard material to raise the intensity of the 242Pu chromatographic peak above 
the quantification limit. The HPIC-SF-ICP-MS chromatogram resulting from the 242Pu spiked 
soil sample is shown in Figure 4.13. Pu, U and the lanthanides were eluted in separate peaks 
and in the same order as with the synthetic mixtures and the SNF matrix. This extends the 
applicability of this separation method to soil samples. The recovery of spiked 242Pu was found 
to be 105 % and that of U was 97 % of the recommended value on the IAEA-375 certificate, 
which is within the 95 % confidence interval mentioned on the reference standard certificate. 
No external precision is reported since the results are based on a single measurement. 
 
Figure 4.13 HPIC-SF-ICP-MS chromatogram for the separation of Pu, U and the lanthanides 
in the environmental soil standard IAEA-375 
4.4 Conclusions and outlook 
In conclusion, a HPIC method for the separation of Pu, U and the lanthanides was developed 
successfully with the aid of simulated speciation diagrams from Hydra/Medusa. This HPIC 
separation method eliminates isobaric overlaps which hinder the determination of Pu, U, Nd 
and Gd mass fractions in SNF, does not use high concentrations of organic acid which can clog 
the orifices of the sampler and skimmer cones, and employs NH4OH (for pH adjustment) 
instead of LiOH to avoid unnecessary contamination of the HPIC column and SF-ICP-MS unit 
with lithium. Additionally, this separation method is applicable to widely different matrices 
(SNF and soil matrices) in terms of uranium content. 
In a single run, Pu and U were eluted separately with 1 M nitric acid as neutral plutonyl and 
uranyl nitrate complexes, respectively, before the lanthanides, which were eluted as anionic 
oxalate complexes by using a gradient of 0.1–0.15 M oxalic acid at pH 4.5. All analytes eluted 
as single peaks, suitable for quantitative analysis (such as IR determination). The method was 
found to result in linearly increasing pulse count signals over the range 1–10 μg·L−1 for Nd, 
10–100 μg·L−1 for Gd, 1–10 μg·L−1 for Pu and 0.5–24 μg·L−1 for U nuclides. The 
chromatographic method was repeatable, however, it is important to control accurately the pH 
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(4.5 ± 0.05) of the oxalic acid eluent. The overall method saves time (requires ≤60 min) and 
reduces the radiation dose of the analyst compared to gravitational ion exchange 
chromatography which can take a couple of weeks for the elution of the lanthanides. 
Finally, the developed method was applied to two significantly different matrices: (i) spent 
nuclear fuel matrix and (ii) environmental soil matrix. Nuclide-specific concentrations, derived 
from HPIC-SF-ICP-MS analysis using external calibration, for Nd and Gd nuclides in a Gd 
spent nuclear fuel were 92–106 % and 89–111 %, respectively, of those obtained using TIMS. 
The determined concentrations of Pu and U were 105 % and 97 %, respectively, compared to 
their theoretical concentration in a 242Pu spiked soil sample. 
The method validation of the external calibration indicates that it is possible to quantify four 
elements, Pu, U, Nd and Gd. Nevertheless, also other lanthanides, such as La, Ce, Pr, Sm, Eu 
and Lu can be quantified if necessary. 
Isotope dilution mass spectrometry (IDMS) is more suitable to analysis of SNF, with smaller 
measurement uncertainties than those achievable with external calibration, but determining IRs 
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Appendix chapter 4 
 
 
Figure S4.1 Hydra/Medusa graph of uranyl, oxalate and chloride 
 
Figure S4.2 HPIC-SF-ICP-MS chromatogram showing isocratic elution of U using 1 M HCl, 
followed by a gradient elution of the lanthanides with 0.1 - 0.15 M oxalic acid at pH of 4.5 
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Figure S4.3 Hydra/Medusa speciation graph of uranyl and oxalate 
 
Figure S4.4 Hydra/Medusa speciation graph of Pu(VI) and nitric acid in solution 
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Figure S4.5 Hydra/Medusa speciation graph of Pu(VI) and oxalic acid 
 
















































































































































































































































































































































































































































































































































































































































































































































Figure S4.11 Residuals of linear regression for all nuclide-specific Nd calibration curves 






































































































































































Figure S4.13 Plot of residuals for 238U calibration curve 
 
 
















































Chapter 5 – Optimization of isotope 
dilution HPIC-SF-ICP-MS 
 
This chapter describes the work related to the second objective of this PhD: namely the 
optimization of an isotope dilution HPIC-SF-ICP-MS method to quantify neodymium, 
gadolinium, uranium and plutonium in SNF. The work towards this objective was divided into 
three steps. The first step was to optimize the acquisition parameters for SF-ICP-MS and to 
select a calculation method to obtain the most precise isotope ratios (IRs). The second step was 
to characterize two types of SNF by using isotope dilution HPIC-SF-ICP-MS. Finally, the 
overall uncertainty budget of isotope dilution HPIC-SF-ICP-MS was determined in order to 
compare the precision of the mass fractions obtained by using the optimized method with those 
obtained by using the ISO 17025 accredited isotope dilution TIMS & alpha spectrometry 
method. Portions of this chapter have been taken from a previous publication in volume 221 of 
the peer-reviewed journal Talanta (impact factor 5.339 in 2019) [1]. 
5.1 Introduction 
After the HPIC separation method development, different calculation methods, SF-ICP-MS 
parameters and sample preparation steps were investigated to obtain the lowest uncertainties on 
elemental mass fractions determined by isotope dilution mass spectrometry (IDMS) using the 
single detector SF-ICP-MS hyphenated to HPIC. The precision of IRs is known to be a major 
contributor to the uncertainty of IDMS and therefore IRs were the first target of the 
investigation. Different acquisition parameters (mentioned in section 5.2.3.2 of chapter 5) as 
well as different calculation methods (see section 5.2.3.3 of chapter 5) were considered in order 
to determine IRs from transient signals with the best precision compared to the theoretical 
precision calculated from Poisson statistics (eq. 5.1). Other contributors to the uncertainty of 
IDMS, such as the IR in the blend and weighing uncertainties, were also taken into account and 
optimized. The expanded uncertainty of IDMS using the optimized HPIC-SF-ICP-MS method 
for the characterization of SNF was determined using a bottom-up approach with the aid of 
GUM Workbench software and compared to the time consuming but accurate isotope dilution 
TIMS & alpha spectrometry method. 
5.2 Materials and methods 
5.2.1 Standards and spikes 
Materials with Nd of natural isotopic composition were obtained from VWR International 
(Leuven, Belgium) and Johnson Matthey (JMC-311). For the determination of the instrumental 
mass bias, the following certified isotopic reference materials were used: NBS-947 for Pu and 
NBS-005 for U, both sourced from the National Institute of Standards and Technology (NIST, 
Gaithersburg, MD, USA), Gd Spex Certiprep mono-elemental standard solution was purchased 
from Boom Laboratoriumleverancier (Meppel, The Netherlands). For isotope dilution mass 
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spectrometry, the following spikes were used: 146Nd spike obtained from Oak Ridge National 
Laboratory (ORNL, Oak Ridge, TN, USA), [the elemental Nd concentration of the enriched 
146Nd spike was quantified by reverse IDMS using TIMS against Nd2O3 of natural isotopic 
composition (Specpure, Johnson Matthey Chemicals Limited, London, UK) and the uncertainty 
on the concentration obtained was 1.5% (2s))], 157Gd spike supplied by Isoflex (San Francisco, 
CA, USA), and the elemental Gd concentration was quantified by reverse IDMS using TIMS 
against Gd2O3 of natural isotopic composition (see section 3.2.6.3 for the isotopic compositions 
of the 146Nd and 157Gd spikes), and 233U (IRMM-040a) and 242Pu (IRMM-049d) certified 
isotopic reference materials obtained from the European Commission’s Joint Research Centre 
(JRC, Geel, Belgium - formerly known as IRMM - Institute for Reference Materials and 
Measurements). 
5.2.2 Fuel samples 
Two types of SNF samples were analysed by isotope dilution HPIC-SF-ICP-MS: a uranium 
oxide (UOx) SNF and an experimental Gd-enriched SNF, for which the abbreviation “Gd fuel” 
is used [2]. 
5.2.3 Optimization of IR precision in transient signals 
The precision of an IR derived from transient signals was studied by using the IRs of a natural 
neodymium standard material (JMC-311) diluted to a 10 ng·g-1 elemental mass fraction. 
Neodymium was favoured due to its non-radioactive and multi-isotopic nature (7 isotopes), as 
well as its presence as a fission product in both types of SNF analysed. The precisions of the 
IRs of interest, from SF-ICP-MS measurements performed on-line coupled with HPIC were 
compared with off-line measurements of the same IRs on five days over a one-month period. 
The precision (single injection) and repeatability (repeatability of 10 injections performed on 
the same day) obtained for these IRs were used as metrics to compare three methods (see 
5.2.3.3) of calculating the IR. The intensity of each nuclide in the procedural blank was always 
subtracted from that of the corresponding nuclide in the sample/standard. 
5.2.3.1 HPIC method for Nd 
To elute the injected neodymium (0.25 ng) from the columns, an isocratic flow rate of 0.125 
mL·min-1 of 0.1 M oxalic acid buffered to pH 4.5 using ammonium hydroxide was employed. 
The column effluent was admixed with 0.75 M HNO3 at an equal flow rate to acidify the column 
effluent before introducing it into the SF-ICP-MS. Further details about the instrumental setup 
can be found in chapters 2 and 4. 
5.2.3.2 SF-ICP-MS method for Nd 
The influence of several data acquisition parameters on the precisions of the neodymium IRs 
calculated from transient signals was investigated. The effects of different mass windows 
(illustrated in Figure S5.1 in the appendix of this chapter), dwell times and numbers of 
monitored nuclides on the IR precision were investigated. Table 5.1 provides an overview of 
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the SF-ICP-MS parameters used during the optimization of acquisition parameters for IR 
measurements. The linearity of the mass bias correction factor (K-bias) over the monitored 
mass range was also investigated. 
Table 5.1 SF-ICP-MS data acquisition parameters used during the assessment of IR precisions 
attainable from transient signals 
Parameter Value/ Description 
Mass resolution 400 
Scan optimization Speed 
Scan type E-Scan 
Detection mode Counting 
Dwell time per nuclide 10 or 30 ms 
Mass window 2, 25, 50 or 150 % 
Integration window Equal to mass window 
Samples per peak 20 
Nuclides monitored 142Nd & 146Nd, 
or, 
142Nd, 143Nd, 144Nd, 
145Nd, 146Nd, 148Nd & 
150Nd 
Standard sample bracketing (SSB) was used to correct for the instrumental mass bias. This 
implies that a standard (of known isotopic composition and concentration) was injected onto 
the column before and after the sample to determine a mass bias correction factor from each 
standard injection. The average mass bias correction factor of the two standard injections was 
then used to correct the sample result for mass bias. During optimization of the acquisition 
parameters using neodymium IR measurements, correction for the instrumental mass bias was 
accomplished using the linear model, as shown in eq. 3.3 in chapter 3 (section 3.2.3 of chapter 
3). 
The experimentally obtained precisions of the mass bias corrected IRs, when using different 
mass windows, were compared with the theoretical (best obtainable) precision, which was 
calculated according to eq. 5.1 [3], where Ia and Ib are the number of counts measured for 
isotopes a and b respectively. 






 (eq. 5.1) 
5.2.3.3 Calculation methods of IRs from transient signals 
IRs were determined from the co-eluting chromatographic peaks of the nuclides monitored (of 
that element). Once the optimum mass window was determined, the contribution of the 
chromatographic peak shoulders was investigated by considering data from 50% and 100 % of 
the chromatographic peak width for IR calculations, since, according to counting statistics, the 
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precision of the IRs obtained from the chromatographic peak shoulders is worse than that 
obtained in the peak centre [4]. 
5.2.3.3.i Point by point method 
In this calculation method, the point-by-point or PbP method, the raw IRs within the selected 
area of the chromatographic peak are averaged [5], as shown in Figure 5.1. The uncertainty on 
the calculated IR is considered to be the standard deviation of the averaged ratios obtained 
through error propagation. 
 
Figure 5.1 Point by Point (PbP) calculation method of the raw IR from transient signals 
5.2.3.3.ii Linear regression slope method 
To calculate the raw IR using the linear regression slope (LRS), the intensities of the two 
nuclides are plotted as a function of one another and the IR is taken to be the slope of the linear 
regression line fitted to the data points [3, 5] (Figure 5.2 below). The equation of the linear 
regression line [3] is determined by using the least squares regression method (the LINEST 
function in Excel) as shown in eq. 5.2, where a is the IR and ua represents the internal precision 
of a single measurement of an IR. 
 𝑦 = (𝑎 ± 𝑢𝑎)𝑥 + (𝑏 ±  𝑢𝑏) (eq. 5.2) 
 









5.2.3.3.iii Peak area integration method 
To obtain raw IRs using the peak area integration (PAI) method, the area under the 
chromatographic peak of each nuclide measured (Figure 5.3) is divided by that of the measured 
reference nuclide [5]. For each nuclide monitored, the area under the chromatographic peak 
was calculated by summing areas of the integrated trapezoidal sections between two 
consecutively measured data points. The shape of the chromatographic peaks obtained using 
HPIC-SF-ICP-MS is skewed due to the sequential scanning of the different masses by the single 
collector SF-ICP-MS unit used. Therefore, fitting of the chromatographic peaks could not be 
done automatically. Different fittings (e.g. Gaussian fit and Boltzmann fit) were tried in 
OriginLab, but finally the fitting was done manually in Excel. 
The standard deviation of the raw intensity is obtained using Poisson counting statistics (eq. 
5.3) and propagated using the laws of error propagation [6] to calculate the uncertainty on the 
IR. 
 𝑠 = √𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑠 (eq. 5.3) 
 
Figure 5.3 Peak area integration (PAI) calculation method of the raw IR from transient signals 
5.2.3.4 Calculation methods of IRs from continuous nebulization 
The data acquisition parameters used for continuous nebulization measurements are listed in 
Table 5.2. During nebulization of a sample, the recorded intensity of each nuclide is divided by 
that of the reference nuclide. The ratios obtained thus are averaged and their standard deviation 
is considered to be the uncertainty on the IR. Ratios lying outside the 2SD margin from the 






Table 5.2 SF-ICP-MS parameters used during continuous nebulization for optimizing IR 
precision 
Parameter Value/ Description 
Mass resolution 400 
Scan optimization Mass accuracy 
Scan type E-Scan 
Detection mode Counting 
Dwell time per nuclide 10 ms 
Mass window 25 % 
Integration window 25 % 
Samples per peak 20  
Nuclides monitored 142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd & 150Nd 
5.2.4 Isotope dilution 
Figure 5.4 illustrates the workflow of isotope dilution HPIC-SF-ICP-MS used in this work to 
characterize the UOx and “Gd fuel”. The spikes and KMnO4 were added to the samples at least 
12 hours before the analysis, to ensure sufficient time for isotopic equilibration and to convert 
all Pu to the desired oxidation state (+VI) (see section 4.2.3.3 of chapter 4), respectively. Tuning 
resulted in an oxide level (MO+/M+ ratio) lower than 8% of the corresponding element signal 
before starting the measurement sequence. The results obtained with isotope dilution HPIC-SF-
ICP-MS were compared to those previously obtained using off-line gravitational 
chromatography followed by isotope dilution TIMS & alpha-spectrometry. Since isotope 
dilution HPIC-SF-ICP-MS analyses were performed later than the isotope dilution TIMS & 
alpha-spectrometry analyses (see Table 5.3 for dates), the date of the TIMS & alpha-
spectrometry analyses were used as a reference date. The isotope dilution HPIC-SF-ICP-MS 
data was corrected to this reference date for the decay of 241Pu, with a half-life of 14.33 years, 
to 241Am. At SCK CEN, the TIMS measurement of Pu is usually carried out within 10 days 
from the date of the off-line chromatographic separation of Pu from U and Am. This is a 
pragmatic approach that seeks to avoid the need to correct for ingrowth of 241Am, since over 
this short timeframe any change would be negligible. The date for Pu-Am separation by off-
line gravitational chromatography, the date of Am analysis by alpha-spectrometry (and Am 
mass fractions in the analysed fuel samples) and the date of Pu analysis by isotope dilution 
TIMS & alpha-spectrometry are listed in Table 5.3. 
Since both the UOx and the Gd-fuel samples were cooled for more than 4 years (time elapsed 
between EOL and DOA at SCK CEN laboratories), 144Ce (half-life around 9 months) will have 
decayed substantially to 144Nd during this cooling period. The activity of 144Ce in the samples 
was also found to be below the detection limit (5.7 · 10-05 mg·g-1 fuel). Therefore, it is not 
possible to distinguish between 144Nd formed as a fission product and 144Nd formed by the 
decay of 144Ce at the time of analysis. 
Nuclide-specific mass fractions of 154Eu, 155Eu, 154Gd, 155Gd in the “Gd fuel” are presented in 
Table 5.4, from which it can be inferred that the decay of 154Eu and 155Eu into 154Gd and 155Gd, 
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respectively, would have only a minor effect on the mass fractions of these Gd nuclides since 
their mass fractions in the “Gd fuel” were already 1000 times higher than those of these Eu 
nuclides (unlike in UOx spent nuclear fuels where the mass fractions of Eu and Gd are similar). 
Table 5.3 Pu-Am gravitational chromatographic separation date and Pu analysis dates using 













Date of Am 
analysis 
Mass fraction of 
241Am in fuel 
(mg·g-1) ± U 
(k=2) 
UOx 2019-10-01 2019-10-08 
2020-02-26 















0.1468 ± 0.0089 
Table 5.4 Nuclide-specific mass fractions of Eu and Gd nuclides in the “Gd fuel” measured 
using isotope dilution TIMS & alpha-spectrometry 
Sample Date of analysis Nuclide 
Mass fraction in fuel at 
date of analysis (mg·g-1) 
Gd fuel 
2017-05 
154Eu 9.83 · 10-4 




5.2.4.1 Instrumental methods 
5.2.4.1.i HPIC method 
The elution method for the separation of Pu, U and the lanthanides in one run, as described in 
section 4.2.3.3 of chapter 4, was used. The uranium fraction was collected between 4.25 and 
21.67 minutes by automatically diverting the flow of the column effluent away from the 
SF-ICP-MS nebulizer and towards the fraction collection system by using a 6-port 2-way valve. 
After collection of this uranium fraction, the flow was automatically redirected back towards 
the inlet system of the SF-ICP-MS unit for on-line measurement. The uranium fraction was 
analysed later off-line by using continuous nebulization for sample introduction. 
5.2.4.1.ii SF-ICP-MS method 
The SF-ICP-MS parameters used during the on-line and off-line isotope dilution analyses are 
listed in Table 5.5. Figure S5.2 in the appendix of this chapter shows a sequence as used by the 
software of the “Element 2” used in this work for the analysis of a spent “Gd fuel” using isotope 
dilution HPIC-SF-ICP-MS. Based on the elution times of the elements of interest, the list of 
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nuclides to be monitored was changed in the SF-ICP-MS measurement method during the same 
injection. During the elution of Nd, 140Ce was monitored in order to be able to correct for any 
potential contribution to the 142Nd signal (counts) from 142Ce using eq.5.4 (A is the isotopic 
abundance reported by IUPAC, (n(142Nd)/n(146Nd))meas and (n(
140Ce)/n(146Nd))meas are the 
measured IRs for 142Nd and 140Ce relative to 146Nd and (n(142Nd)/n(146Nd))interference corr is the 




142 )·(𝑛( 𝐶𝑒 
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𝐴( 𝐶𝑒 140 )
)(eq. 5.4) 
Table 5.5 SF-ICP-MS parameters during on-line and off-line isotope dilution 
Parameter On-line (transient signal) Off-line (continuous 
nebulization) 
Cool gas flow rate 16 L·min-1 
Auxiliary gas flow rate 0.8 L·min-1 
Nebulizer gas flow rate 1.06 L·min-1 
Mass resolution 400 
Scan type E-Scan 
RF power 1250 W 
Detector dead time 17 ns 
Detection mode Counting 
Dwell time per nuclide 10 ms 
Settling time 1 ms 
Scan optimization Speed Mass accuracy 
Runs 
Pu Nd Gd U 
830 740 645 350 
Passes 1 1 
Mass window 25 % 2 % 
Integration window 25 % 2 % 
Samples per peaks 20 250 
Nuclides monitored during 
elution of Pu peak (total 
run time 0-4.25 mins) 
238Pu, 239Pu, 240Pu, 241Pu, 
242Pu & 244Pu 
- 
Nuclides monitored during 
analysis of U in collected 
fraction (total run time 
4.25-21.67 mins) 
- 233U, 234U, 235U, 236U & 238U 
Nuclides monitored during 
elution of Nd peak (total 
run time 35-40 mins) 
140Ce, 142Nd, 143Nd, 144Nd, 
145Nd, 146Nd, 148Nd & 150Nd 
- 
Nuclides monitored during 
elution of Gd peak (total 
run time 50-60 mins) 
152Gd, 154Gd, 155Gd, 156Gd, 
157Gd, 158Gd & 160Gd 
- 
5.2.4.1.iii TIMS and alpha-spectrometry method 
Nuclear fuel samples were dissolved in a 10 M HNO3/0.1 M HF mixture, inside a shielded hot-
cell. After dilution of an aliquot of that mother solution in 1 M HNO3, an aliquot of the diluted 
sample was subjected to a redox cycle in order to convert all Pu to Pu(IV), after which all target 
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elements were converted into their chloride forms by evaporation and re-dissolution in HCl. Pu 
and U were separated from the fission products + REE + Am + Cm by their elution with 0.35 
M HNO3 and 8.0 M HNO3, respectively, on a Dowex 1X4 column. Ce (as Ce IV) was separated 
from the unretained fission products + REE + Am + Cm fraction using a mixed PbO2 – Dowex 
1X4 column that retains tetravalent ions. The unretained actinides, fission products and trivalent 
REE were converted to chloride forms and eluted from a column loaded with a Ln resin, Gd 
eluting last under a nitric acid gradient elution. These purified U, Pu, Nd and Gd fractions were 
subsequently analysed by TIMS using classical evaporation from non zone-refined triple 
filaments and ion signal monitoring by Faraday collectors. All IRs were corrected for mass bias 
fractionation. 
For alpha spectrometric analyses, measurements were made on the unseparated dilution of the 
mother solution. Standard and sample sources were prepared by weighing and evaporating a 
small aliquot on a tantalum disc (three separate discs for each sample or standard). Total alpha 
measurements were performed using efficiency-calibrated solid scintillation ZnS-detectors. 
Measurements of the alpha energy groups, i.e. 239Pu + 240Pu, 238Pu + 241Am, were performed 
using energy-calibrated PIPS (Passivated ion Implanted Planar Silicon) detectors that permit 
the identification of the alpha-emitters and the determination of their relative contributions to 
the total alpha activity. 
5.2.4.2 Calculation methods 
The peak area integration (PAI) method was used to determine IRs from transient signals of Pu, 
Nd and Gd. Standard sample bracketing (SSB) was used for external correction of the 
instrumental mass bias. The two nuclides selected for each element for IDMS purposes are 
shown in Table 5.6. 
Table 5.6 Pairs of nuclides selected for IDMS 
Element Spike nuclide Reference nuclide 
Pu 242Pu 239Pu 
U 233U 238U 
Nd 148Nd 146Nd 
Gd 157Gd 156Gd 
The single isotope dilution equation (eq. 3.13 in section 3.2.6.3 of chapter 3) was used to 
determine the mass fractions of the selected elements in the different spent nuclear fuel types. 
This version of IDMS was used due to its simplicity for routine analysis, requiring the fewest 
variables to be measured [7]. Based on the measured IRs in the sample (Ri,x), the amount 
fractions of the different Pu, U, Nd and Gd nuclides present in the sample were determined. 
An uncertainty budget for IDMS was derived based on the bottom-up approach, following the 
rules given in the Eurachem/CITAC guide CG 4 [6]. The uncertainty calculation was performed 
by using GUM Workbench software (Metrodata GmbH, Germany) [8]. A cause and effect 
diagram, known as an Ishikawa or fishbone diagram, was used to illustrate the uncertainty 
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sources. The following sources of uncertainty and their corresponding standard uncertainties 
were considered: 
 Raw IR calculation using PAI for transient signals after blank subtraction. 
 Mass bias correction using IR reference values derived from IUPAC abundances [9] for Gd 
nuclides. For Nd, however, the IRs measured (on JMC-311) by MC-ICP-MS were chosen 
as reference values (to correct for instrumental mass bias Russell’s law (see eq. 3.6) was 
used with a value of 0.7219 for the 146Nd/144Nd ratio). For U and Pu, the reference IRs were 
obtained from the certificates of the corresponding standards. 
 Uncertainties introduced through weighing during the dilution of the spikes, samples and 
preparation of the blend. The minimum mass used throughout all different serial dilutions 
was 250 mg. The repeatability, readability and linearity specifications of the balance (Mettler 
Toledo MS205DU) were taken into account in calculating the expanded weighing 
uncertainty. Uncertainty for the correction of air buoyancy was calculated based on 
international recommendation R 111 – 1 issued by OIML (International organization of legal 
metrology) [10]. 
 IRs for Pu and U nuclides in the spike (Ri,y) were taken from the corresponding certificates. 
 IRs for Nd and Gd nuclides in the spike solutions were based on values measured with TIMS 
since no certificates were available. 
 Uncertainties in the sum of the ratios in the sample (ΣRi,x) and in the spike (ΣRi,y). 
The expanded uncertainties (k =2) associated with the elemental mass fractions of Pu, U, Nd 
and Gd determined from both on-line and off-line isotope dilution HPIC-SF-ICP-MS 
measurements were compared with equivalent data available from previous analyses of the 
same SNF samples by means of off-line gravitational chromatography followed by TIMS 
(Sector 54 from VG) or alpha spectrometry [Alpha Analyst from Mirion Technologies 
(Canberra BNLS) NV] in the case of 238Pu.
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Figure 5.4 Simplified diagram of isotope dilution HPIC-SF-ICP-MS workflow (i refers to a monitored nuclide, w is the mass fraction, m is the weight 
measured with a balance, M is the molecular weight, E is the element of interest corresponding to i, n is the number of moles, K is the mass bias 
correction factor, A is the abundance of the lighter isotope (l) and heavier isotope (h), R is the IR and R(i)y is obtained from the certificate) 
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5.3 Results and discussion 
5.3.1 Optimization of IR precision in transient signals 
With a mass window of 150 %, to acquire all of the 20 samples per flat top peak, the effect of 
two dwell times (10 and 30 ms) on the precision of Nd IRs from transient signals was 
investigated. The shorter dwell time resulted in a faster sequential acquisition of the nuclides 
and increased the number of data points per chromatographic peak, as illustrated in Figure S5.1 
in the appendix of this chapter. The precision on the IRs, calculated by using PbP and LRS, was 
improved when using the shorter dwell time (10 ms) (illustrated using the example of 
142Nd/146Nd in Figure 5.5), which is in agreement with the literature [11, 12] that for instruments 
with sequential acquisition (such as SF-ICP-MS) the uncertainty in the IR improves with faster 
switching between the nuclides monitored. With PAI, however, the time dependency is 
irrelevant and the effect of spectral skew is eliminated, thereby significantly improving the 
precision of IRs compared to those calculated by PbP or LRS, as shown in Figure 5.5. Spectral 
skew arises from the sequential acquisition of the signal at different masses, and is translated 
into a biased IR, because the second measured mass is monitored at a later stage during peak 
elution. Therefore, the second measured mass is biased in a positive sense in comparison to the 
first measured mass when the elution peak is increasing, while the opposite is observed when 
the elution peak is decreasing [13]. As a consequence of spectral skew, PbP provides the least 
precise IRs in transient signals from HPIC-SF-ICP-MS. 
 
Figure 5.5 Precision of n(142Nd)/n(146Nd) acquired using a mass window of 150 % and two 
different dwell times (10 & 30 ms) with HPIC-SF-ICP-MS and calculated using PbP, LRS and 
PAI 
With a mass window of 50 %, to remove any contribution from the shoulders of the flat top 
spectral peak to the IR, and 10 ms dwell time, the effect of longer (total) acquisition times was 
investigated further by monitoring different numbers of nuclides. Two extreme cases were 
considered: the minimum number of nuclides (two) needed to obtain a ratio, and the maximum 
number of nuclides for a fission product element (seven in the case of Nd). The more nuclides 
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monitored per run, the larger the time lag between two consecutive data points, and hence, 
fewer data points are registered per chromatographic peak. This time lag between two 
consecutively measured data points explains why the precision on IRs calculated by using PbP 
and LRS is improved when fewer nuclides are monitored (example of n(142Nd)/n(146Nd) in 
Figure 5.6). In the case of nuclear samples, however, the isotopic composition is unknown and 
monitoring all of the nuclides, of Nd for instance, is therefore required. 
 
Figure 5.6 IR of n(142Nd)/n(146Nd) acquired using a mass window of 50 % and two different 
numbers of nuclides monitored (2 & 7) with HPIC-SF-ICP-MS and calculated using PbP, LRS 
and PAI 
The precision of IRs determined by using the three IRs calculation methods were investigated 
by measuring the Nd standard (JMC-311) 10 times on the same day, the results of which are 
presented in Table 5.7. The precisions of all the IRs calculated by using PAI were an order of 
magnitude better than when calculated by using PbP, and almost half of those when using the 
LRS method. That PbP results in a worse precision (for IRs from transient signals) compared 
to PAI and LRS is due to the sequential measurement of the different nuclides and has been 
reported elsewhere [5, 13-14]. In contrast, the poorest repeatability on the 10 Nd IRs was 
obtained with LRS and the best one with PAI, as is illustrated in Figure 5.7, which echoes the 
finding of Epov et al. [3] when only 50 % of the chromatographic peak is taken into account 
for IR calculation. 
Moreover, the precision achieved with the three methods of calculation and four different mass 
windows have been compared with the theoretical precision (eq. 5.1), as shown in Figure 5.8 
(also shown in Figure S5.3 in the appendix of this chapter). The precision obtained with PAI 
approached the theoretical precision the closest, independent of the mass window size. 
However, a mass window of 2 % is impractical because it results in only one sample per flat 
top peak, which prevents monitoring the mass calibration stability and leads to an 
underestimation of measurement precision as shown in Figure 5.8. A mass window of 25 % has 
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the advantage of 5 samples per peak that are located in the middle of the spectral flat top peak, 
as well as more data points being collected per chromatographic peak than is the case for mass 
windows of 50 or 150 % (see Figure S5.1 in the appendix of this chapter). Further investigation 
has shown that, with a mass window of 25 %, the linear regression of the K-bias versus the 
atomic masses of the monitored Nd nuclides passes through the point with coordinates 
(145.9131225 [9]; 1), which is not the case with mass windows of 50 & 150 %, as shown in 
Figure 5.9. Additionally, the sum of residuals on the linear regression of the K-bias versus the 
atomic masses of Nd nuclides was found to be smaller for a mass window of 25 % than for 
mass windows of 50 & 150 % (Figure 5.9). This illustrates that the data obtained fit the linear 
model for instrumental mass bias, and hence justifies the choice made. One last advantage of a 
mass window of 25 % is that the experimental precision approaches the theoretical precision 
the closest. 
 
Figure 5.7 Repeatability on Nd IRs calculated using PbP, LRS and PAI and normalized to 
IUPAC values (the error bars represent ±1SD of the 10 calculated IRs) 
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Figure 5.8 Theoretical and experimental precision of Nd IRs acquired using different mass 
windows (2, 25, 50 and 150 %) and calculated from transient signals as obtained using HPIC-
SF-ICP-MS using PAI, PbP and LRS 
Table 5.7 Precision on single IR measurement and repeatability of 10 Nd IR measurement 




























PbP 2.1 – 2.6 1.9 – 3.1 2.0 – 2.5 2.1 – 2.8 2.3 – 2.8 2.3 – 3.3 
LRS 0.74 – 0.86 0.71 – 1.01 0.63 – 0.89 0.63 – 0.79 0.68 – 0.87 0.76 – 1.0 
PAI 0.25 – 0.26 0.30 – 0.31 0.24 0.30 – 0.31 0.40 – 0.41 0.46 – 0.47 
theoretical 0.22 0.26 0.22 0.30 0.33 0.33 
Repeatability 
RSD (%) 
PbP 0.50 0.42 0.42 0.51 0.43 0.35 
LRS 0.59 0.82 0.66 0.63 0.62 0.73 




Figure 5.9 Mass bias correction factor (K-bias) over the monitored mass range for Nd IR 
determination using different mass windows (150, 50, 25 and 2 %) 
 
Figure 5.10 Effect of the chromatographic peak width percentage on the internal precision of 
n(142Nd)/n(146Nd) IRs calculated using three different methods 
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Using a mass window of 25 %, the effect on the IR precision due to the portion of the 
chromatographic peak taken into account for IR calculation was investigated (Figure 5.10). It 
should be noted that by using 50 % of the chromatographic peak width around the peak apex 
for IR calculation, the chromatographic peak maximum was kept in the middle of the zone used 
for calculation. It can be seen from Figure 5.10 that the precision of IRs calculated by using 
PbP and 100 % of the chromatographic peak is more than double that of IRs determined using 
only the central 50 % of the chromatographic peak. This observation for the PbP method is due 
to the greater variation (standard deviation) in the IRs calculated along the chromatographic 
peak when the contribution of the peak shoulders, which have lower intensities and different 
IR values than the peak centre, is included in the average IR. Unlike the PbP method, the 
precision of IRs calculated by using the LRS method is improved by a factor of 2 when 100 % 
of the chromatographic peak is used instead of 50 % (Figure 5.10). This observation is in 
agreement with the literature stating the importance of starting and ending the IR calculation at 
the background of the chromatographic peak in LRS [3]. In contrast, no difference in the 
precision of IR calculated by using PAI was noted when 50 and 100 % portions of the 
chromatographic peak were used for calculation (Figure 5.10). This finding could be due to the 
significantly smaller area under the shoulders of the chromatographic peak compared to the 
centre (only 8 % difference between the areas integrated under 50 % and 100 % portions of the 
chromatographic peak). 
Finally, the same Nd standard (10 ng·g-1 of Nd JMC-311) was measured on-line using HPIC-
SF-ICP-MS and off-line using SF-ICP-MS on 5 days distributed over one month. The 
repeatabilities of the resulting IRs were compared. For both on-line and off-line measurements, 
the acquisition parameters consisted of a 10 ms dwell time and a 25 % mass window. Due to 
the dilution of the sample (and standard) in on-line HPIC-SF-ICP-MS measurements (injection 
loop and the admixing of the column effluent stream with the internal standard prior to 
introduction into the SF-ICP-MS nebulizer), the intensities at the apex of the chromatographic 
peaks of the Nd nuclides measured by on-line HPIC-SF-ICP-MS were lower than the intensities 
measured off-line using SF-ICP-MS without injecting the sample (or standard) onto the column. 
For example, the intensities at the apexes of the chromatographic peaks of 142Nd and 150Nd were 
respectively 16,524 and 3,773 counts when measured on-line using HPIC-SF-ICP-MS, whereas 
with continuous introduction of the Nd standard into the SF-ICP-MS unit offline, the intensities 
of 142Nd and 150Nd were 69,979 and 15,679 counts respectively. Table 5.8 indicates that the 
difference between the IRs measured on-line versus those measured off-line is not more than 
0.15 %. Additionally, paired t-tests were performed using the data presented in Table 5.8. The 
calculated value of |t| was found to be 2.63 for the results of the on-line method compared to 
those of the off-line method, and 1.67 and 2.48 for the results of each method compared to the 
theoretical values, respectively. All the calculated |t| values were found to be less than the 
critical value (t5 = 3.36) at P = 0.02. Therefore, the two methods, on-line HPIC-SF-ICP-MS and 
off-line SF-ICP-MS, do not differ significantly and their results are not different than the 
theoretical values at P = 0.02. Furthermore, no specific trend was found in relation to the 
standard deviations presented in Table 5.8. For example, in the case of the isotope ratios of 142, 
143, 148 and 150Nd relative to 146Nd, the standard deviation was lower with the on-line 
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measurements. However, in the case of the isotope ratios of 144 and 145Nd relative to 146Nd, the 
opposite was observed – the standard deviation was higher with the on-line measurements. 
Table 5.8 Comparison of Nd IRs in a 10 ng·g-1 solution of Nd JMC-311 measured by online 





















       
142Nd/146Nd 1.5797 (38) 1.5801 (12) 0.076 1.5784 (14) 0.089 0.11 % 
143Nd/146Nd 0.7082 (20) 0.7081 (12) 0.17 0.7071 (17) 0.24 0.14 % 
144Nd/146Nd 1.3845 (28) 1.3849 (19) 0.14 1.3837 (18) 0.13 0.087 % 
145Nd/146Nd 0.4825 (11) 0.4827 (13) 0.27 0.4824 (10) 0.21 0.062 % 
148Nd/146Nd 0.3349 (14) 0.33476 (33) 0.099 0.33491 (72) 0.21 0.045 % 
150Nd/146Nd 0.3280 (17) 0.32820 (30) 0.091 0.32785 (38) 0.12 0.11 % 
       
* Theoretical values of IRs were derived from IUPAC natural abundances [15]. 
The mass bias correction factors (K-bias) determined during the 5 days of on-line 
HPIC-SF-ICP-MS and off-line SF-ICP-MS measurements are shown in Figure 5.11. Figure 
5.11 demonstrates that the K-bias decreases with increasing Nd nuclidic mass, relative to 146Nd. 
The linear correlation of the K-bias with the mass difference between the two nuclides in the 
IR of interest justifies the use of a single mass bias per atomic mass unit, ε (the one with the 
lowest uncertainty), to correct all IRs for mass bias (according to eq. 3.3). In such a way, 
expanded uncertainties on the IRs were lower than when individual  values of the respective 
IRs were used. Additionally, it can be noted from Figure 5.12 that the K-bias values measured 
on-line are equal to those measured off-line when the error bars are taken into accounts. Figure 
5.12 also shows that the mass bias correction factor determined from n(145Nd)/n(146Nd) has the 
best repeatability (smallest SD, and hence the smallest RSD) amongst all the measured Nd IRs 
due to the smallest difference in nuclidic masses. Despite having the best repeatability, the K-
bias determined for n(145Nd)/n(146Nd) does not have the best internal precision, which was 
achieved with the K-bias determined for n(142Nd)/n(146Nd), due to the higher abundance of 
142Nd and hence the higher area under its chromatographic peak. Additionally, the larger 
difference in mass between 142Nd and 146Nd (4 atomic mass units) compared to 145Nd and 146Nd 
(1 atomic mass unit), results in a more expressed mass bias and a better determination of ε. 
Therefore, the ε determined using the latter K-bias was used to correct all the measured Nd IRs 
for mass bias. Additionally, the mass bias correction factors determined on-line and those 
determined off-line on the same day were found to be different by less than 1.1 %. 
Overall, these results indicate that the best precision on an IR calculated from transient signals 
as obtained using HPIC-SF-ICP-MS is achieved when using a shorter dwell time (10 ms instead 
of 30 ms), a mass window of 25 % and by using the PAI method to calculate the IR (where only 











Figure 5.12 Average K-bias determined on-line using HPIC-SF-ICP-MS in 5 days versus 
average K-bias determined off-line using SF-ICP-MS in 5 days and their 1SD ranges 
5.3.2 Isotope dilution 
5.3.2.1 UOx fuel 
According to the literature, the best precision on an IR measurement is obtained with ratios 
close to unity [11, 16-17]. Existing knowledge of the isotopic composition of this sample and 
the spike was the basis for blend preparation. For determination of Pu and U via IDMS, the 
sample and the spike were mixed on a weight basis to obtain a blend containing equivalent 
amounts of the reference and the spiked isotope, as well as obtaining an IR close to unity in the 
blend. Satisfying these two conditions simultaneously in the case of Nd was not possible since 
almost 19% of the Nd in the sample is 146Nd, i.e. the enriched nuclide (146Nd) of the spike. For 
Nd determination via IDMS, equivalent difference from the sample and spike isotopic 
compositions was achieved with an IR n(148Nd)/n(146Nd) close to 0.1 in the blend. Based on 
Figure 5.13, the curve of the error multiplication factor f(R) versus the IR is relatively flat from 
0.03 to 0.1, which means that between these two values, the magnification of the error 
associated with the IR in the blend is constant and thus the precision of the IDMS result is 
practically independent of the IR in the blend [16]. The error multiplication factor f(R) was 
calculated using eq. 5.4 [16] below, where Aa and Ab are the isotopic abundances of the lighter 
and heavier isotope, respectively. The isotopic abundances used to calculate f(R) were obtained 
from results of previous TIMS & alpha spectrometry analysis of the standard and samples from 
the same batch of UOx fuel. 
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 (eq. 5.4) 
 
Figure 5.13 Error multiplication factor for IDMS determination of Nd as a function of 
n(148Nd)/n(146Nd) (R) in the blend 
Measurement of the isotopic composition of irradiated samples is essential because the 
composition will be different to that of the natural element composition (e.g. fission product 
Nd isotopic composition differs greatly – especially for 142Nd – from that of natural Nd and is 
an integral part of the uncertainty budget). Since the samples analysed here by HPIC-ICP-MS 
had been measured previously by TIMS, information about the isotopic compositions of these 
specific samples was already available, which made it possible to calculate optimum spiking 
ratios and consider error magnification factors. Radiochemical laboratories, in the absence of 
specific information (e.g. irradiation history, theoretical estimates of burn-up credit etc.) about 
a nuclear sample, can rely to some extent upon their previous experience of analysing a range 
of nuclear fuels to estimate what the isotopic composition of an “unknown” fuel sample might 
be. The interested reader should also be aware that, for purposes of shipping nuclear fuel 
samples, there is already a requirement that the shipper provides certain information about the 
sample. Therefore, the radiochemical laboratory always has some information about the 
“unknown” sample. If, however, there were to be no information available about the isotopic 
composition of an “unknown” sample, it is precisely the speed of analysis achievable with the 
HPIC-ICP-MS methodology developed in this work that opens the possibility for a much 
quicker assessment of the isotopic composition of highly relevant elements (e.g. U, Pu, Nd) 
than possible with the established TIMS analyses (which rely on the longer conventional 
gravitational chromatographic separations). 
During the isotope dilution analysis of UOx fuel using HPIC-SF-ICP-MS, Nd and Pu IRs were 
measured on-line, while the U peak was collected using fraction collection and the U IRs in the 
sample and the blend were measured later off-line by using SF-ICP-MS. This off-line collection 
results in a 174-fold dilution of the high U mass fraction prior to its introduction into the SF-
ICP-MS, thereby avoiding the need to measure high intensity signals in analogue mode of the 
detector (which is not the conventional way of measuring IRs), or to introduce a more diluted 
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sample in to the HPIC for U determination only. The sample and the blend were measured three 
times using HPIC-SF-ICP-MS and the isotope dilution results were compared to those obtained 
using TIMS & alpha spectrometry for a sample of the same batch. The mass fractions of Nd, 
Pu and U in the UOx fuel when determined by using HPIC-SF-ICP-MS were found to be similar 
to those determined by TIMS & alpha spectrometry (Table 5.9), and, interestingly, the 
expanded uncertainties on the mass fractions determined for Nd and Pu by using transient 
signals were found to be better than or similar to those obtained by means of TIMS & alpha 
spectrometry. This demonstrates the good precision that can be obtained by using HPIC-SF-
ICP-MS. Nevertheless, it should be noted that the expanded uncertainty (3.4 %), on the Nd 
elemental mass fraction obtained using isotope dilution TIMS & alpha-spectrometry for this 
sample, is an order of magnitude larger than the expanded uncertainties usually obtained using 
this method for other UOx SNF samples analysed at SCK CEN. The large expanded uncertainty 
reported for the off-line measurement of U could be associated with the collection of the 
uranium fraction and its 174-fold dilution prior to SF-ICP-MS analysis [18], thereby causing a 
significant decrease in the number of counts measured for the minor isotopes (e.g. ~ 18 counts 
for 234U compared to ~ 80,000 counts for 238U). 
Overall, the repeatabilities (RSD) of the three mass fractions determined by using HPIC-SF-
ICP-MS were found to be 0.14 and 0.18 %, for Nd and Pu, respectively, and 0.15 % for U when 
determined off-line subsequent to its isolation using HPIC-SF-ICP-MS. 
Table 5.9 Mass fractions of Nd, Pu and U measured in UOx fuel in triplicate using HPIC-SF-
ICP-MS and compared to a single measurement with TIMS & alpha spectrometry 
Element 
HPIC-SF-ICP-MS 
mass fraction in fuel 
(mg·g-1) ± U (k = 2) 
TIMS & alpha 
spectrometry mass 
fraction in fuel 
(mg·g-1) ± U (k = 2) 
HPIC-SF-ICP-MS mass 
fraction/TIMS & alpha 
spectrometry mass fraction 
· 100 (%) ± U (k = 2) 
Neodymium 6.375 ± 0.039 6.47 ± 0.22 98.5± 3.4 
Plutonium 8.380 ± 0.036 8.313 ± 0.021 100.81 ± 0.50 
Uranium 762 ± 45 774.0 ± 2.0 98.5 ± 5.8 
The amount fractions of Nd, Pu and U nuclides measured in the non-spiked sample using HPIC-
SF-ICP-MS were found to be in agreement with those obtained by using TIMS & alpha 
spectrometry (Table 5.10). The amount fractions of Pu nuclides have been corrected for decay 
because the HPIC-SF-ICP-MS measurements were performed almost 5 months after the TIMS 
measurements. This correction was especially crucial for 241Pu, which decays to 241Am, with a 
short half-life (14.33 years) compared to the other Pu nuclides (see Table 1.2 in section 1.4.2). 
To account for the influence of the decay of Pu nuclides on the results obtained using HPIC-
SF-ICP-MS, the TIMS date of analysis was considered the reference date (see Table 5.3). First, 
the mass bias corrected Pu IR (Rcorr.i) from HPIC-SF-ICP-MS measurement of the SNF sample 
was corrected for the decay that took place using eq. 5.5, where Rdecay corr.i is the decay corrected 
and mass bias corrected IR of the corresponding Pu nuclide i relative to 239Pu, λi is the decay 
correction factor per day calculated based on the half-life (in days) of the corresponding Pu 
nuclide i (eq. 5.6) and t is the time difference in days between the corresponding HPIC-SF-ICP-
MS measurement date and the reference TIMS measurement date (see Table 5.3). The nuclide-
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specific amount fraction percent (Atom %decay corr., i) of nuclide i was then calculated according 
to eq. 5.7, where ΣRdecay corr. is the sum of the decay corrected and mass bias corrected IRs. 
 𝑅𝑑𝑒𝑐𝑎𝑦 𝑐𝑜𝑟𝑟.,𝑖 =  𝑅𝑐𝑜𝑟𝑟.,𝑖 ∙ 𝑒
−𝜆𝑖𝑡 (eq. 5.5) 
 𝜆𝑖 =  
ln (2)
𝜏𝑖
 (eq. 5.6) 
 𝐴𝑡𝑜𝑚 %𝑑𝑒𝑐𝑎𝑦 𝑐𝑜𝑟𝑟.,𝑖 =  
𝑅𝑑𝑒𝑐𝑎𝑦 𝑐𝑜𝑟𝑟.,𝑖
𝛴𝑅𝑑𝑒𝑐𝑎𝑦 𝑐𝑜𝑟𝑟.
∙ 100 (eq. 5.7) 
The amount fraction of 142Nd determined in the sample had to be corrected for cross-
contamination by 142Nd originating from the glass vial in which the sample stock solution was 
stored. Glass vials, similar to those in which the sample was stored, were filled with 2 % v/v 
HNO3 and stored for 1 month. The average 
142Nd concentration (0.062 ng·g-1) in these solutions 
was then quantified (external calibration method) by ICP-MS (XSERIES 2, Thermo Fisher 
Scientific, Bremen, Germany), converted to an amount fraction and subtracted from the amount 
fraction of 142Nd originally determined in the sample. 
Table 5.10 Nuclide-specific amount fractions of Nd, Pu and U measured in triplicate using 
HPIC-SF-ICP-MS and compared to a single measurement with TIMS & alpha spectrometry 
Nuclide 
HPIC-SF-ICP-MS 
amount fraction (·100) ± 
U (k = 2) 
TIMS & alpha 
spectrometry amount 
fraction (·100) ± U (k = 2) 
HPIC-SF-ICP-
MS/TIMS & alpha 
spectrometry · 100 ± 
U (k = 2) 
142Nd 1.201± 0.011 1.096 ± 0.023 109.6 ± 2.5 
143Nd 12.046 ± 0.037 11.889 ± 0.022 101.32 ± 0.37 
144Nd 40.023 ± 0.066 40.065 ± 0.049 99.90 ± 0.20 
145Nd 14.802 ± 0.038 14.848 ± 0.017 99.69 ± 0.28 
146Nd 18.839 ± 0.024 18.740 ± 0.021 100.53 ± 0.17 
148Nd 8.781 ± 0.032 9.006 ± 0.086 97.5 ± 1.0 
150Nd 4.308 ± 0.023 4.355 ± 0.011 98.92 ± 0.58 
    
238Pu 3.825 ± 0.012* 3.76 ± 0.22 101.8 ± 6.0 
239Pu 41.442 ± 0.038* 41.38 ± 0.10 100.15 ± 0.26 
240Pu 31.369 ± 0.044* 31.380 ± 0.084 99.97 ± 0.30 
241Pu 7.918 ± 0.025* 7.945 ± 0.025 99.66 ± 0.44 
242Pu 15.443 ± 0.057* 15.538 ± 0.051 99.39 ± 0.49 
244Pu 0.00263 ± 0.00023* 0.0029 ± 0.0057 91.7 ± 182 
    
233U 0 0 - 
234U 0.0202 ± 0.0029 0.01924 ± 0.00068 105 ± 16 
235U 0.220 ± 0.013 0.21879 ± 0.00051 101.0 ± 6.0 
236U 0.665 ± 0.023 0.6615 ± 0.0025 100.5 ± 3.5 
238U 99.094 ± 0.031 99.1005 ± 0.0027 99.993 ± 0.031 
* Corrected for decay with reference to the TIMS & alpha-spectrometry date of analysis 
(2019-10-08). 
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The expanded uncertainty on the amount fraction of each nuclide of Nd, Pu and U was 
determined according to the rules given in the Eurachem/CITAC guide CG 4 [6]. Contributors 
to the expanded uncertainty were identified (Figure 5.14), classified as type A (evaluated 
statistically) or type B errors (evaluated by other means, such as experience) [6, 19], evaluated 
and combined using the bottom up approach which is built into the GUM Workbench software. 
It was found that the mass bias correction (~ 1 % of the expanded uncertainty) and the raw 
measured IRs (~ 98 % of the expanded uncertainty) are the major contributors to the expanded 
uncertainty of the mass fraction determined by using isotope dilution HPIC-SF-ICP-MS (see 
Table T5.1 in the appendix of this chapter). This result is not surprising, as this is in agreement 
with what has been reported previously in the literature [16-17]. 
 
* Background refers to instrumental background as well as signal measured in the blank and 
has a major effect at mass fractions close to LOD 
Figure 5.14 Fishbone diagram of uncertainty contributors to the mass fraction of an element 
determined using IDMS (major contributors have been outlined) 
5.3.2.2 Gd fuel 
Compared to the UOx fuel, an additional spiking (with an isotopically enriched Gd material) 
was necessary to determine the mass fraction of Gd in the “Gd fuel” using IDMS. The amount 
of spike added was chosen such that the blend consisted of equal amounts of the sample and 
the spike, and resulted in an IR 157Gd/156Gd close to unity. IRs in the fractions of Pu, Nd and 
Gd eluting from the HPIC column were measured on-line using SF-ICP-MS and the collected 
U fraction was measured off-line using SF-ICP-MS, as was done for the UOx fuel. For the “Gd 
fuel”, in contrast to the UOx fuel, three independent dilutions of the sample solution were 
prepared for IDMS. The results for the different elements are presented in Table 5.11. Good 
agreement was found between elemental mass fractions in the fuel determined by using HPIC-
SF-ICP-MS and those determined by using TIMS & alpha spectrometry. Certain limitations 
were encountered when using HPIC-SF-ICP-MS for IDMS: the amount of Nd nuclides formed 
by fission depends on the irradiation conditions of the fuel, and therefore, at very low levels of 
fission, the amount of Nd nuclides present can be lower than the limit of detection. In addition, 
the quantification of 238Pu was not possible due to its low mass fraction and the relatively high 
instrumental background (memory effects) at mass 238, compared to other monitored masses. 
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The nuclide amount fractions derived from the HPIC-SF-ICP-MS measurement of three 
samples were compared with those obtained by means of TIMS & alpha spectrometry analysis 
of the same SNF stock solution, as shown in Table 5.12. From the data in Table 5.12, it can be 
concluded that the nuclide amount fractions obtained by using HPIC-SF-ICP-MS were in 
agreement (maximum difference of ± 10 %) with those obtained by using TIMS & alpha 
spectrometry when different samples of the same batch are analysed. 
Table 5.11 Mass fractions of Gd, Pu and U measured in “Gd fuel” in triplicate using 
HPIC-SF-ICP-MS and compared to a single measurement with TIMS & alpha spectrometry 
Element 
HPIC-SF-ICP-MS 
mass fraction in fuel 
(mg·g-1) ± U (k = 2) 
(n=3) 
TIMS & alpha 
spectrometry mass 
fraction in fuel (mg·g-1) 
± U (k = 2) 
HPIC-SF-ICP-MS mass 
fraction/TIMS & alpha 
spectrometry mass 
fraction · 100 ± U (k = 2) 
Neodymium - 0.6291 ± 0.0096 - 
Gadolinium 90.37 ± 0.28 90.36 ± 0.51 100.01 ± 0.64 
Plutonium 5.443 ± 0.061 5.421 ± 0.010 100.40 ± 1.15 
Uranium 816 ± 47 815.9 ± 2.2 100.1 ± 5.7 
Table 5.12 Nuclide-specific amount fractions of Gd, Pu and U measured in three samples using 




(·100) ± U (k = 2) 
TIMS & alpha 
spectrometry amount 
fraction (·100) ± U (k = 2) 
HPIC-SF-ICP-MS / TIMS 
& alpha spectrometry 100 
(%) ± U (k = 2) 
152Gd 0.157 ± 0.011 0.15537 ± 0.00086 100.8 ± 7.1 
154Gd 2.059 ± 0.025 2.0489 ± 0.0069 100.4 ± 1.3 
155Gd 1.974 ± 0.033 1.9663 ± 0.0058 100.4 ± 1.7 
156Gd 33.098 ± 0.058 33.100 ± 0.051 99.99 ± 0.23 
157Gd 0.492 ± 0.013 0.48342 ± 0.00036 101.8 ± 2.7 
158Gd 40.327 ± 0.087 40.377 ± 0.021 99.88 ± 0.22 
160Gd 21.897 ± 0.082 21.869 ± 0.049 100.13 ± 0.44 
    
238Pu - 0.1913 ± 0.0011 - 
239Pu 85.05 ± 0.10* 84.8615 ± 0.0099 100.23 ± 0.12 
240Pu 11.413 ± 0.082* 11.3900 ± 0.0059 100.20 ± 0.72 
241Pu 3.032 ± 0.044* 3.0994 ± 0.0034 97.8 ± 1.4 
242Pu 0.500 ± 0.017* 0.45818 ± 0.00079 109.1 ± 3.6 
244Pu 0 0 - 
    
233U 0 0 - 
234U 0.0137 ± 0.0042 0.01350 ± 0.00012 102 ± 31 
235U 1.74 ± 0.19 1.6165 ± 0.0025 108 ± 12 
236U 0.112 ± 0.036 0.10235 ± 0.00015 109 ± 35 
238U 98.14 ± 0.18 98.2676 ± 0.0026 99.87 ± 0.18 
* Corrected for decay with reference to the TIMS & alpha-spectrometry date of analysis 
(2018-02-22). 
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5.4 Conclusions and outlook 
The aim of this part of the project was to optimize the SF-ICP-MS data acquisition parameters 
and determine the best calculation method for obtaining precise IR measurements from 
transient signals, and to apply these to the accurate determination of Pu, U, Nd & Gd mass 
fractions in SNF by using isotope dilution HPIC-SF-ICP-MS. Using a mass window of 25 % 
and a dwell time of 10 ms with 20 samples per flat top peak gave the best performance. 
Although the three calculation methods (PbP, LRS and PAI) resulted in similar IR values from 
these transient signals, those calculated by PAI were found to have the best precision when only 
the central part (50 %) of the chromatographic peak was taken into consideration. Moreover, 
when using these acquisition parameters with isotope dilution HPIC-SF-ICP-MS, the nuclide-
specific mass fractions of Pu, U, Nd & Gd obtained were in agreement with those obtained by 
using isotope dilution TIMS & alpha spectrometry for both types of SNF. Overall, isotope 
dilution HPIC-SF-ICP-MS resulted in accurate quantification of Pu, U, Nd and Gd mass 
fractions. For on-line measurement of Nd and Gd elemental mass fractions, the uncertainties 
were better than those obtained with TIMS & alpha spectrometry, in the case of Nd in UOx 
SNF and Gd in Gd SNF. Whereas in the case of on-line measurement of Pu elemental mass 
fraction, the uncertainties obtained were almost twice (in UOx SNF) and six times (in Gd SNF) 
worse than those obtained with TIMS & alpha spectrometry. For off-line measurement of a 
diluted U fraction, poorer measurement uncertainties were obtained than with TIMS. Isotope 
dilution HPIC-SF-ICP-MS has also proven to be a faster and safer method of analysis compared 
with gravitational chromatography followed by TIMS & alpha spectrometry, enabling the 
analysis of SNF samples in just two days and reducing the exposure of the operator to the 
radioactivity of the samples (automatic injection and online chromatography). However, the 
determination of nuclides present at low amounts in the samples was found to be limited by the 
LOD of the hyphenated method, the irradiation history of the fuel and the instrumental 
background. 
In the case of the spent UOx and the “Gd fuel” measured, the optimized isotope dilution HPIC-
SF-ICP-MS method provided a better precision than the TIMS and alpha spectrometry method 
for the quantification of Gd in “Gd fuel” and of Nd in UOx SNF with high levels of fission. 
However, isotope dilution HPIC-SF-ICP-MS cannot replace the ISO 17025 accredited TIMS 
and alpha spectrometry method for the precise and accurate determination of mass fractions of 
U, Pu and elements present in amounts close to the LOD. Nevertheless, HPIC-SF-ICP-MS is 
still a fast method to separate the elements of interest in a single injection and to determine their 
elemental mass fractions and nuclide-specific compositions in SNF samples based on external 
calibration and IR measurements respectively. This information can be invaluable in deciding 
the amounts of sample and spike (based on isotopic amount values from the certificate of the 
reference material) to be combined to produce the blend needed for subsequent IDMS analysis 
of SNF by the accurate ISO 17025 accredited TIMS and alpha spectrometry method. 
Moreover, in the context of method optimization, the time needed to process the results obtained 
using HPIC-SF-ICP-MS has been significantly shortened. Details about the automation of data 
processing to obtain the mass fraction of the elements of interest in SNF will be presented in 
the following chapter.  
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Appendix chapter 5 
 
 
Figure S5.1 Schematic representation of the different mass windows (MW) used for the 
acquisition of a flat top peak consisting of 20 samples as obtained with SF-ICP-MS in low 
resolution mode 
 
Figure S5.2 Screenshot of an isotope dilution sequence in the software of the “Element 2” used 
in this work for the analysis of a spent “Gd fuel” 
141 
 
Figure S5.3 Comparison of the precision of different Nd IRs acquired using different mass 
windows (2, 25, 50 & 150 %) and calculated using different methods (PbP, LRS and PAI) 
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Table T5.1 Contributions of different parameters to the expanded uncertainty of the Nd mass 












-1) Type B 141.90772890 0.0000015 < 0.1 
MNd-143 (g·mol
-1) Type B 142.90981990 0.0000015 < 0.1 
MNd-144 (g·mol
-1) Type B 143.91009290 0.0000015 < 0.1 
MNd-145 (g·mol
-1) Type B 144.91257920 0.0000015 < 0.1 
MNd-146 (g·mol
-1) Type B 145.9131225 0.0000015 < 0.1 
MNd-148 (g·mol
-1) Type B 147.91689910 0.0000023 < 0.1 
MNd-150 (g·mol
-1) Type B 149.92090150 0.0000014 < 0.1 
mfuel (g) Type B 6.10000 0.00061 < 0.1 
mV0 (g) Type B 517.8334 0.0517 < 0.1 
mV0-1 (g) Type B 0.9667 0.000097 < 0.1 
mV1 (g) Type B 11.2855 0.0011 < 0.1 
mV1-1 (g) Type B 0.874 0.000087 < 0.1 
mV2 (g) Type B 4.855 0.00049 < 0.1 
mv2-1 (g) Type B 0.52 0.000052 < 0.1 
mV3 (g) Type B 5.2238 0.00052 < 0.1 
mV3-1 (g) Type B 0.2561 0.000026 < 0.1 
mV4 (g) Type B 2.5831 0.00026 < 0.1 
mx (g) Type B 0.52223 0.000052 < 0.1 
my (g) Type B 0.40178 0.000040 < 0.1 
wy (g·g
-1) Type B 10.0380 · 10-9 0.0026 · 10-9 < 0.1 
R142/146, y Type B 4.4758 · 10
-3 0.0050 · 10-3 < 0.1 
R143/146, y Type B 3.0583 · 10
-3 0.0041 · 10-3 < 0.1 
R144/146, y Type B 7.915 · 10
-3 0.011 · 10-3 < 0.1 
R145/146, y Type B 6.5789 · 10
-3 0.0066 · 10-3 < 0.1 
R148/146, y Type B 2.3124 · 10
-3 0.0055 · 10-3 < 0.1 
R150/146, y Type B 1.0543 · 10
-3 0.0079 · 10-3 0.2 
R142/146, x Type A 0.06298 0.00052 < 0.1 
R143/146, x Type A 0.6096 0.0016 0.3 
R144/146, x Type A 2.0658 0.0041 2.1 
R145/146, x Type A 0.7745 0.0019 0.4 
R148/146, x Type A 0.4814 0.0014 40.5 
R150/146, x Type A 0.24149 0.00091 < 0.1 
R150/146, b Type A 0.10906 0.00033 54.9 
ε Type B -0.01696 0.00057 0.9 
Nd mass fraction in fuel (g·g-1) 6.399 · 10-3 0.035 · 10-3 
143 
Chapter 6 – IDMS data analysis using R 
 
This chapter provides an overview of the results obtained using the R code, which was 
developed to determine the mass fractions of uranium, plutonium, neodymium (Nd) and 
gadolinium (isotope dilution) and their corresponding nuclides from HPIC-SF-ICP-MS 
chromatograms. The R code was developed with the aim of saving time associated with data 
handling. The R code was written based on the Nd data that was obtained using 
HPIC-SF-ICP-MS and it is intended to be published in a separate manuscript.  
6.1 Introduction 
The analysis of data obtained from transient signals was found to be time-consuming and 
required handling data files with more than 700 data points for each Nd nuclide monitored (7 
Nd nuclides were monitored in non-spiked samples and 2 Nd nuclides were monitored in spiked 
samples). Even though the processing of all data files belonging to one element required using 
the same equations and reference values, at least 3-4 working hours were required to calculate 
the mass fraction of one element using isotope dilution. This lengthy data handling process can 
be automated by using statistical computing languages to make it as simple and as quick as the 
click of a mouse button. A programming language allows humans to translate their thoughts 
into a set of instructions to be executed by computers. This set of instructions is commonly 
known as a code [1]. Various programming languages can be used for data analysis, such as 
Python [2], C++ [3] and R [4]. R is a free software for statistical computing and graphics and 
is named after the R language used in it [5]. R was originally written by Robert Gentleman and 
Ross Ihaka of the Statistics Department of the University of Auckland, and is currently 
maintained and updated by R core team members [5].While both Python and R are easier to 
learn than C++ for users without any programming background, Python is a general purpose 
language, whereas R was developed for statistics and consequently offers specific advantages, 
such as advanced data visualization features. Nevertheless, Python, C++ and R can be used 
together to combine their features to perform computationally-intensive tasks if needed. Based 
on its more dedicated nature, R was chosen for the statistical data handling required in the 
isotope dilution calculation based on transient HPIC-SF-ICP-MS signal data. 
6.2 Methods 
Using R, the chromatographic peaks were first plotted, after which the isotope ratios (IRs) could 
be derived. These ratios were then used in the isotope dilution calculation to determine the mass 
fraction of Nd, as well as its isotopic composition, in a UOx SNF sample. 
6.2.1 Plotting the chromatographic peaks 
To visualize the data, “point geom” was used in the “ggplot” function to create scatter plots of 
the time-resolved raw data for each Nd nuclide monitored. Horizontal “facets” were used to 
show all the nuclides on the same plot. A different colour was used in the point “geom” for each 
nuclide.  
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6.2.2 Calculating IRs 
A Gaussian function was used to fit the chromatographic peaks of the Nd nuclides. Then, the 
area under the Gaussian curve was integrated and IRs were derived by dividing the peak area 
of a monitored nuclide by that of the reference nuclide (146Nd) for the same element. 
The raw IRs obtained using R were compared with those determined previously when using 
manual peak area integration (PAI) in Excel (discussed in section 5.2.3.3.iii of chapter 5). 
6.2.3 Determination of isotopic composition and mass fraction of Nd using R 
The raw IRs were then corrected for the bias caused by instrumental mass discrimination, by 
relying on an external correction method based on a standard-sample bracketing approach (see 
section 3.2.3 of chapter 3). The standard used for this mass bias correction was a Nd Johnson 
Matthey standard (JMC-311) with natural isotopic abundances. The mass bias corrected IRs 
were applied in the isotope dilution equation (see eq. 3.13 in section 3.2.6.3 of chapter 3) to 
calculate the mass fraction of Nd in the SNF sample and were also used to determine the isotopic 
composition of Nd in the SNF sample.  
Uncertainty calculation has not yet been implemented in the code. Nevertheless, the results 
could be compared with those obtained previously by using Excel for the same SNF sample. 
6.3 Results 
6.3.1 Plotting the chromatographic peaks 
Scatter plots obtained using R for the chromatographic peaks for the Nd nuclides monitored in 
the standard used are shown in Figure 6.1. 
 
Figure 6.1 Scatter plots based on the raw data obtained for the Nd nuclides as obtained using 
HPIC-SF-ICP-MS 
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6.3.2 Calculating IRs 
The Gaussian curves fitted through the chromatographic peak data of each Nd nuclide 
monitored in the standard used are illustrated in Figure 6.2. The chromatographic peak area was 
obtained by integrating the area between the Gaussian curve and the background of the curve 
throughout the total run time. The IRs obtained using PAI in R were found to be similar (within 
± 2 %) to those obtained using PAI in Excel as shown in Table 6.1. 
 
Figure 6.2 Gaussian fit (in red) and background (in blue) of the chromatographic peaks for the 
Nd nuclides monitored 
Table 6.1 Comparison of raw neodymium IRs determined manually using PAI in Excel and 
using PAI in R for one injection of a Nd standard (JMC-311) 
IR 
Determined using 
PAI in R 
Determined using 
PAI in Excel 
R/Excel · 100 (%) 
n(142Nd)/n(146Nd) 1.5096 1.5218 99.20 
n(143Nd)/n(146Nd) 0.6891 0.6911 99.72 
n(144Nd)/n(146Nd) 1.3619 1.3654 99.74 
n(145Nd)/n(146Nd) 0.4674 0.4740 98.60 
n(148Nd)/n(146Nd) 0.3352 0.3364 99.65 
n(150Nd)/n(146Nd) 0.3366 0.3363 100.11 
6.3.3 Determination of isotopic composition and mass fraction of Nd using R 
In the UOx fuel sample, nuclide-specific amount fractions of Nd nuclides obtained by using R 
were in agreement (maximum 1.2 % difference) with those determined by using Excel, as 
shown in Table 6.2. 
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Table 6.2 Comparison of the nuclide-specific Nd amount fractions (·100) determined using R 
and manually using Excel in a UOx fuel sample 
 Determined using R Determined using Excel R/Excel · 100 (%) 
n(142Nd)/n(Nd) 1.820 1.842 98.81 
n(143Nd)/n(Nd) 11.899 11.968 99.43 
n(144Nd)/n(Nd) 39.875 39.903 99.93 
n(145Nd)/n(Nd) 14.704 14.714 99.94 
n(146Nd)/n(Nd) 18.761 18.682 100.4 
n(148Nd)/n(Nd) 8.732 8.687 100.5 
n(150Nd)/n(Nd) 4.209 4.205 100.1 
* not corrected for cross-contamination with 142Nd from the glass ampoule in which the stock 
solution of the sample was stored 
Additionally, the Nd elemental mass fraction determined by isotope dilution using R was found 
to be 6.367 mg·g-1 in the UOx SNF sample, which is 99.50 % of the result calculated by using 
Excel for HPIC-SF-ICP-MS analysis and 98.40 % of that determined by using TIMS. 
6.4 Conclusions and outlook 
Data analysis and handling times were reduced significantly from a few hours to just a few 
minutes when using the R code to calculate the elemental mass fraction (isotope dilution) and 
the isotopic composition of Nd in SNF from HPIC-SF-ICP-MS data. Uncertainty calculation 
still needs to be implemented in the R code to provide a more complete basis upon which the 
performance of the R code can be compared with that of the manual approach. The R code will 
be extended to include the determination of plutonium, gadolinium and uranium mass fractions 
and nuclide-specific compositions in SNF based on on-line and off-line isotope dilution 
HPIC-SF-ICP-MS data. Ultimately, combining HPIC-SF-ICP-MS with rapid data analysis 
using R can be used for urgent SNF samples or exploratively before their analysis using isotope 
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Chapter 7 – General conclusions and 
outlook 
 
The aim of this work was to develop a method combining isotope dilution with 
HPIC-SF-ICP-MS to determine the elemental mass fractions and nuclide-specific compositions 
of uranium, plutonium, neodymium and gadolinium in SNF and to compare the performance 
of the novel method with an existing method based on isotope dilution TIMS after off-line 
column chromatography. The main achievements of this work and future perspectives are 
discussed in this chapter. 
7.1 General conclusions 
In chapter 4, the development and validation of an HPIC-based separation method were 
discussed. The elution program used to separate uranium, plutonium, neodymium and 
gadolinium from one another following a single sample injection onto a CS5A mixed-bed ion-
exchange column in under 60 minutes was presented. The separation method was applied to a 
spent “Gd fuel” and a soil sample. To increase the signal intensities and verify the separation 
method, lanthanides were added to the spent “Gd fuel”, and plutonium was added to the 
environmental soil sample (due to their respective low amounts in these samples). The 
separation resolution was independent of the type of matrix, whether SNF or soil matrix, which 
indicates that this separation method is applicable to widely differing sample matrices. HPIC-
SF-ICP-MS can be used in conjunction with external calibration, to quantify plutonium, 
uranium, neodymium and gadolinium nuclides when present in spent “Gd fuel” and in 
environmental soil samples. 
Chapter 5 included the investigation of the effect of different data acquisition parameters and 
of different calculation methods on the uncertainties of isotope ratio (IR) data extracted from 
transient signals obtained using HPIC-SF-ICP-MS. Optimal data acquisition settings (mass 
window 25 %, 20 samples per peak, dwell time 10 ms) and the calculation method (peak area 
integration) providing the highest precision were identified and used to measure IRs in the 
context of nuclide-specific and elemental mass fractions determination using isotope dilution. 
The isotope dilution HPIC-SF-ICP-MS method developed was subsequently used for 
quantification of the mass fractions of plutonium, uranium, neodymium and gadolinium 
nuclides in two types of SNF samples (spent UOx and “Gd fuel”). Each sample type was 
measured in triplicate and the results obtained using isotope dilution HPIC-SF-ICP-MS were 
compared with those obtained by using isotope dilution TIMS and alpha spectrometry (an ISO 
17025 accredited method). For the elemental mass fraction of neodymium in UOx SNF and 
that of gadolinium in the “Gd fuel”, the corresponding expanded uncertainty (calculated using 
the bottom-up approach) obtained with isotope dilution HPIC-SF-ICP-MS was smaller than 
that obtained previously by using isotope dilution TIMS and alpha spectrometry (an ISO 17025 
accredited method) for the same SNFs. However, for most of the nuclide-specific amount 
fractions determined based on IR measurements in UOx and “Gd fuel” samples, smaller 
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uncertainties were obtained using TIMS and alpha spectrometry than those obtained using 
HPIC-SF-ICP-MS. Therefore, it was concluded that the developed HPIC-SF-ICP-MS method 
can be used to rapidly determine the mass fractions of plutonium, uranium, neodymium and 
gadolinium in an unknown SNF, so that the optimum mixing ratio of spike and sample can be 
calculated prior to performing the lengthy isotope dilution TIMS and alpha spectrometry 
analyses. 
7.2 Further investigations 
7.2.1 Spent nuclear fuels 
It would be interesting to evaluate the determination of the mass fractions of other nuclides than 
148Nd which can be used as fission product monitors (such as 139La, 143+144Nd which includes 
144Nd from the decay of 144Ce, 145+146Nd and 150Nd) using the nuclide-specific amount fractions 
measured in a SNF sample in combination with the elemental mass fraction determined using 
isotope dilution HPIC-SF-ICP-MS method developed in this work. When successful, such 
results could then be used to determine a burn-up value using each fission product monitor for 
quality assurance purposes (a common practice at SCK CEN). 
7.2.2 Environmental samples 
7.2.2.1 Dealing with matrix composition of environmental samples 
Investigating the application of this HPIC-SF-ICP-MS method to other types of environmental 
samples, such as urine, seawater and plant material, could be useful as the method developed 
shows a higher sample throughput (shorter measurement time per sample) than the currently 
used methods. For example, the HPIC-SF-ICP-MS developed in this work enables the 
chromatographic separation of uranium and the determination of its concentration in a soil 
sample in less than an hour, which offers a time saving compared to gravitational 
chromatography followed by alpha spectrometry, which for uranium, for example, takes three 
days due to its low activity levels in environmental samples. To investigate the applicability of 
HPIC-SF-ICP-MS to other types of environmental samples, the cation exchange capacity of the 
CS5A column (5 µeq) will have to be taken into account. Therefore, certified environmental 
standards can be used to determine the maximum amount of sample that can be injected onto 
the column in order not to exceed the column capacity. Knowing this would allow one to decide 
whether there is a need for (partial) removal of the sample matrix prior to sample loading or 
whether a simple dilute-and-shoot could be sufficient for environmental samples. Sample 
preparation methods to remove part of the sample matrix may include phosphate precipitation 
or sample digestion combined with evaporation of volatile matrix constituents.  
Additionally, during a sample run, the third valve of the HPIC unit can be used to direct the 
column effluent to waste during the elution of matrix elements impurities (e.g. K, Ca, Na) to 
avoid contaminating the SF-ICP-MS with elements not meant to be measured. Also during 
column washing and conditioning prior to the next injection, the column effluent is directed to 
waste rather than to the ICP-MS introduction system. 
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7.2.2.2 Improving the LOD for Pu in environmental samples 
To measure plutonium nuclides at low concentrations in environmental samples (e.g. 10 fg of 
238Pu per gram of soil), it would be interesting to investigate the use of a sample loop with a 
volume larger than 25 µL in conjunction with a concentrator column placed before the CS5A 
analytical column to increase the plutonium signal intensity, thereby facilitating its 
measurement along with uranium and some of the lanthanides. Commercially available cation 
concentrator columns such as MetPac CC-1 (Thermo Fisher Scientific) and Ionpac TMC-1 
(Thermo Fisher Scientific) have capacities of 0.4 and 0.3 meq, respectively, and can be used in 
combination with CS5A columns. The use of such concentrator columns have been reported in 
the literature. For example, Perna et al.1 published a study on the analysis of soil and sediment 
samples in which americium was concentrated on a TCC-II concentrator column connected to 
a CS5A column. The americium fraction eluting from the CS5A column was then collected and 
measured off-line by alpha spectrometry. 
7.2.2.3 Fast determination of U and lanthanide concentrations using external 
calibration or single standard addition 
For samples not containing any plutonium, a method was developed to first elute the lanthanides 
from the CS5A column, followed by uranium. This was accomplished by using a gradient of 
0.1-0.15 M oxalic acid at a pH of 4.5, followed by the isocratic elution using 0.1 M oxalic acid 
buffered to a pH of 0.6 with hydrochloric acid. This HPIC-SF-ICP-MS separation method could 
be tested on real environmental samples whereby external calibration or single standard 
addition to determine the elemental and nuclide-specific concentrations of uranium and the 
lanthanides in samples for which expanded uncertainties ≤10 % are fit-for-purpose. This could 
be applicable to monitor the concentrations of uranium, neodymium and gadolinium in 
underground or surface waters for example. 
  
                                                 
1 L. Perna, J. Jernstrom, L. Aldave de las Heras, J. de Pablo and M. Betti, “Sample cleanup by on-line 
chromatography for the determination of Am in sediments and soils by alpha-spectrometry,” Analytical Chemistry, 




Determining the nuclide-specific and elemental composition of spent nuclear fuel (SNF), which 
is fuel that has undergone irradiation in a nuclear reactor, is essential for criticality safety during 
nuclear waste management and for examining the performance of the fuel. Post-irradiation 
examination of SNF includes the determination of long-lived actinides, lanthanides (fission 
products) and neutron absorbers. Inductively coupled plasma-mass spectrometry (ICP-MS) is 
a sensitive analytical method that allows the measurement of stable and (sufficiently long-lived) 
radioactive nuclides (radionuclides). Isotope dilution mass spectrometry is an accurate and 
precise calibration method that can be used to determine nuclide-specific and elemental mass 
fractions of uranium (U), plutonium (Pu), neodymium (Nd) and gadolinium (Gd), based on 
isotope ratio (IR) measurements using ICP-MS or, alternatively, using thermal ionization mass 
spectrometry (TIMS) in combination with alpha spectrometry. Sector field (SF) ICP-MS is a 
single detector ICP-MS instrument well known for the flat top spectral peak shape at low mass 
resolution, which can be used to measure IRs sufficiently precisely. Coupling high-pressure ion 
chromatography (HPIC) on-line with ICP-MS (which is not possible with either TIMS or alpha 
spectrometry) offers a faster way to eliminate isobaric interferences compared with 
gravitational ion chromatography (which cannot be coupled on-line with ICP-MS), and reduces 
the analyst’s exposure to radiation, as more diluted samples with lower activities suffice for the 
combination of HPIC (instrumentation can be placed inside a glovebox) and ICP-MS. The 
literature reports various kinds of ICP-MS instruments being coupled to HPIC for the 
characterization of SNF. However, the expanded uncertainty of isotope dilution when using 
HPIC-SF-ICP-MS to determine the mass fractions of U, Pu, Nd and Gd in SNF from the same 
sample injection has not been reported previously. Therefore, the aim of this work was to 
separate U, Pu, Nd and Gd and to determine their nuclide-specific composition (using IR 
measurements) and elemental mass fractions (using isotope dilution) in SNF by means of HPIC-
SF-ICP-MS. To accomplish this, the work had four objectives: (1) to develop and validate a 
separation method for U, Pu and the lanthanides from one another upon a single sample 
injection using HPIC, (2) to optimize the SF-ICP-MS data acquisition parameters and to select 
the IR calculation method providing the most precise data, (3) to characterize different types of 
SNF using isotope dilution HPIC-SF-ICP-MS and (4) to evaluate the overall uncertainty budget 
of the elemental mass fractions determined using isotope dilution HPIC-SF-ICP-MS and 
compare it to that of an already implemented ISO 17025 accredited isotope dilution TIMS and 
alpha spectrometry method. 
The first objective was tackled in different steps where, at each step, simulations with the 
Hydra/Medusa software package were performed to predict the speciation of U, Pu and the 
lanthanides in solution. The column used for the separation is a mixed-bed ion exchange IonPac 
CS5A (Dionex) column, preceded by an IonPac CG5A (Dionex) guard column. The separation 
method was developed using samples prepared by mixing mono-elemental standards, and was 
then validated by using a real SNF sample and an environmental soil standard (IAEA-375). Pu 
in the sample was oxidized to Pu(VI) with 40 nM KMnO4 12 hours prior to injection onto the 
column. In the final elution method, a gradient of 1 - 0.75 M nitric acid was used to elute Pu 
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and U as neutral plutonyl and uranyl nitrate complexes, respectively. The column was then 
washed with water before introducing a gradient of 0.1 – 0.15 M oxalic acid adjusted to a pH 
of 4.5 by using ammonium hydroxide to elute the lanthanides according to their decreasing 
ionic radius (from lanthanum to lutetium) as negatively charged oxalate complexes. This final 
elution method resulted in peak resolutions ranging from 1 to 1.7 for Pu, U and the lanthanides 
in a single run, in less than 60 minutes per sample. All analytes eluted as single peaks, thus 
enabling IR measurements. Limits of detection for 242Pu, 238U, 146Nd and 157Gd were found to 
be 0.015, 0.065, 0.055 and 0.050 µg·L-1, respectively. The separation method was found to be 
applicable to SNF and environmental soil matrices. 
For the second objective, the SF-ICP-MS data acquisition parameters needed to be optimized 
to obtain precise IR measurements of Pu, Nd and Gd from transient signals. The eluting U peak 
was not suitable for on-line IR determination due to its excessive intensity. Therefore, the U 
eluting from the column was collected and measured later in a separate off-line SF-ICP-MS 
analysis using previously optimized data acquisition settings. The optimization of Pu, Nd and 
Gd IR measurements based on transient signals was accomplished by investigating different 
data acquisition parameters using repeated injections of the same Nd standard of natural 
isotopic composition. The effect of using four mass windows (2, 25, 50 and 150 %), two dwell 
times (10 and 30 ms) and two different numbers of nuclides monitored per run (2 and 7) was 
investigated. A mass window of 25 %, with 20 samples per flat top peak and a dwell time of 
10 ms were found to give the best performance with transient signals in HPIC-SF-ICP-MS. 
Furthermore, the three most commonly used IR calculation methods (according to the 
literature), namely linear regression slope (LRS), point-by-point (PbP) and peak area 
integration (PAI), were compared for their accuracy and precision. Although the three 
calculation methods resulted in similar IR values, those calculated with PAI were found to have 
the best precision and repeatability when 50 % of the chromatographic peak width around the 
peak apex was integrated. This justifies the use of PAI, because the effects of sequential nuclide 
monitoring, causing peak skewness, is prevented in this calculation method. Moreover, the 
experimental precisions of Nd IRs obtained when using a mass window of 25 %, which acquires 
only the flat top region of the mass spectrometric peak, and calculated by using PAI were found 
to be the closest to the theoretical precision, derived from Poisson statistics. All of the IRs 
measured were corrected manually for mass discrimination using a linear model with the 
external standard measured in a sample-standard bracketing sequence. The raw IRs were first 
corrected automatically for detector dead time losses by the SF-ICP-MS software using an 
experimentally determined detector dead time value. 
For the third objective, the optimization of on-line isotope dilution for the determination of Pu, 
Nd and Gd elemental mass fractions in two types of SNF had to be accomplished. The spikes 
and KMnO4 were added to the samples at least 12 hours before the analysis, to ensure sufficient 
time for isotopic equilibration and to oxidise all Pu to Pu(VI). In the blend sample, the isotope 
amount ratios n(148Nd)/n(146Nd), n(242Pu)/n(239Pu), n(233U)/n(238U) and n(157Gd)/n(156Gd) were 
either close to unity or at the minimum of the error multiplication factor curve, for better 
precision. The elemental mass fractions of Nd, Pu and U were determined in triplicate in the 
UOx fuel by using isotope dilution HPIC-SF-ICP-MS and the results thus obtained were equal 
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to 98.5, 100.7 and 98.5 %, respectively, of those determined by means of the ISO 17025 
accredited isotope dilution TIMS and alpha spectrometry method. In the “Gd fuel”, the 
elemental mass fractions of Gd, Pu and U were determined in triplicate by using isotope dilution 
HPIC-SF-ICP-MS and the results thus obtained corresponded to 100.01, 100.11 and 100.1 %, 
respectively, of those determined by means of isotope dilution TIMS and alpha spectrometry. 
The determination of the Nd mass fraction in the “Gd fuel” was limited by both the LOD of the 
method and the low level of fission that had occurred in that particular fuel. The determination 
of 238Pu in the UOx fuel was limited by its low mass fraction in the sample and the higher 
instrumental background at m/z = 238. For both types of fuel analysed, the nuclide amount 
fractions obtained by means of HPIC-SF-ICP-MS were in agreement (average difference of ± 
2 % and maximum difference of 11 %) with those obtained by means of TIMS and alpha 
spectrometry. An R code was written for the rapid calculation of the Nd isotopic composition 
(using IR measurement) and its mass fraction (using isotope dilution) in SNF. The elemental 
mass fraction of Nd calculated using R was found to be 99.5 % of that calculated manually 
using Excel. The R code will be extended to include the elemental and nuclide-specific 
quantification of Pu, Gd and U based on on-line and off-line HPIC-SF-ICP-MS measurements, 
and to calculate the corresponding expanded uncertainties. 
For the fourth objective, uncertainty budgets for the isotope dilution HPIC-SF-ICP-MS 
experiments were derived based on the bottom-up approach, following the Eurachem/CITAC 
guide CG4. The major contributors were found to be the mass bias correction (~ 1 %) and the 
raw IRs (~ 95 %) measured using HPIC-SF-ICP-MS. Uncertainty calculations were performed 
using GUM Workbench software. The expanded uncertainties associated with the elemental 
mass fractions of Nd in the UOx fuel and Gd in the “Gd fuel”, obtained with on-line isotope 
dilution HPIC-SF-ICP-MS, were smaller than those obtained with isotope dilution TIMS and 
alpha spectrometry. However, this result was not the case for Pu elemental mass fractions, as 
their expanded uncertainties in both types of fuels were larger with isotope dilution HPIC-SF-
ICP-MS than those obtained with isotope dilution TIMS and alpha spectrometry. Additionally, 
due to the ± 200-fold dilution of the U fraction collected prior to SF-ICP-MS analysis, large 
expanded uncertainties for the mass fractions of U in both types of fuel (almost 6 %) were 
obtained with off-line isotope dilution HPIC-SF-ICP-MS. For nuclide-specific amount 
fractions of Pu, U, Nd and Gd, determined based on IR measurements in non-spiked UOx and 
“Gd fuel” samples, smaller uncertainties were obtained using TIMS and alpha spectrometry 
than those obtained using HPIC-SF-ICP-MS except for most of the Pu nuclides and two Nd 
nuclides (142Nd and 148Nd) in the UOx fuel sample. 
Overall, isotope dilution HPIC-SF-ICP-MS was found to be a fast, safe, precise and accurate 
method to characterize SNF samples in three days: one day for the separation of U (to be 
collected off-line upon elution from the HPIC column), Pu, Nd and Gd and for the on-line 
measurement of Pu, Nd and Gd using HPIC-SF-ICP-MS, a second day for the off-line SF-ICP-
MS measurement of the collected U and the data processing of U and one other element (Pu, 
Nd or Gd), and a third day to process the data of the remaining two elements. When the R code 
is finalized, it will be possible to reduce the data processing time of the four elements of interest 
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(U, Pu, Nd and Gd) to be done within less than one hour, which will permit to characterize SNF 





Het bepalen van zowel de elementaire als de isotopische samenstelling van gebruikte 
kernbrandstof (SNF), dit is kernbrandstof die bestraald werd in een kernreactor, is essentieel 
voor de criticaliteit veiligheid bij het beheer van nucleair afval en het onderzoek naar de 
performantie van de kernbrandstof. Het onderzoek van SNF na de bestraling omvat het bepalen 
van langlevende actiniden, lanthaniden (fissieproducten) en neutronabsorbers. Inductief 
gekoppeld plasma-massaspectrometrie (ICP-MS) is een gevoelige analysemethode geschikt 
voor de bepaling van stabiele nucliden en voldoende langlevende radionucliden. Isotopendilutie 
massaspectrometrie is een accurate en precieze kalibratiemethode, gebaseerd op het berekenen 
van isotopenverhoudingen, die kan gebruikt worden bij de bepaling van nuclide-specifieke en 
elementaire massafracties van uranium (U), plutonium (Pu), neodymium (Nd) en gadolinium 
(Gd) met behulp van ICP-MS of thermische ionisatie massaspectrometrie (TIMS) (in 
combinatie met alfaspectrometrie). Een sector veld (SF) massaspectrometer is een ICP-MS 
toestel uitgerust met slechts één detector, maar genereert bij lage massaresolutie spectrale 
pieken met een vlakke top, die geschikt zijn voor het bepalen van isotopenverhoudingen met 
voldoende precisie. Het koppelen van hoge druk ionenchromatografie (HPIC) met ICP-MS 
(wat niet mogelijk is met TIMS, noch met alfaspectrometrie) biedt een snelle manier om isobare 
interferenties te elimineren en tegelijkertijd de blootstelling aan radioactieve straling te 
verminderen, in vergelijking met het afzonderlijk isoleren en analyseren van zuivere fracties 
m.b.v. respectievelijk kolomchromatografie (wat niet on-line kan gekoppeld worden met ICP-
MS) en TIMS (met alfaspectrometrie). De lagere blootstelling is het gevolg van enerzijds de 
vermindering in staalvoorbereidingstijd en anderzijds de grotere verdunningsfactor van het 
SNF staal waarmee gewerkt wordt bij het laden van de HPIC kolom, die zich bovendien in een 
handschoenkast bevindt. In wetenschappelijke literatuur zijn diverse studies te vinden over de 
karakterisering van SNF m.b.v. HPIC gekoppeld aan diverse types ICP-MS toestellen. Echter, 
tot nu toe, rapporteert geen enkele studie geëxpandeerde meetonzekerheden op de massafracties 
van U, Pu, Nd en Gd in SNF bepaald d.m.v. isotopendilutie in combinatie met HPIC-SF-ICP-
MS na een éénmalige staalinjectie. De overkoepelende doelstelling van dit werk was een 
methode ontwikkelen om U, Pu, Nd en Gd te isoleren uit SNF en te scheiden van elkaar om 
vervolgens hun isotopische samenstelling (m.b.v. isotopenverhoudingen)- en elementaire 
massafracties (m.b.v. isotopendilutie) te bepalen met HPIC-SF-ICP-MS. Deze doelstelling 
werd bereikt aan de hand van vier objectieven: (1) het ontwikkelen en valideren van een 
scheidingsmethode voor U, Pu en de lanthaniden vanuit een enkelvoudige staalinjectie in een 
HPIC-SF-ICP-MS opstelling; (2) het optimaliseren van de data-acquisitieparameters van het 
SF-ICP-MS toestel en het selecteren van de beste berekeningsmethode voor 
isotopenverhoudingen resulterend in de best haalbare precisie; (3) het karakteriseren van 
verschillende SNF stalen m.b.v. isotopendilutie HPIC-SF-ICP-MS; (4) het berekenen van de 
totale meetonzekerheid verkregen met de isotopendilutie HPIC-SF-ICP-MS methode en deze 
vergelijken met de meetonzekerheid verkregen met de ISO 17025 geaccrediteerde 
isotopendilutie TIMS (+ alfaspectrometrie) methode. 
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De eerste deeldoelstelling werd aangepakt in verschillende stadia, waarbij telkens 
Hydra/Medusa software werd gebruikt om de chemische speciatie van U, Pu en lanthaniden in 
oplossing te voorspellen. De kolommen die gebruikt werden voor de chemische scheidingen, 
Dionex Ionpac CS5A en CG5A, bevatten een gemengd bed ionenuitwisselingshars. De 
scheidingsmethode werd ontwikkeld door gebruik te maken van mono-element standaarden, 
die met elkaar gemengd werden tot multi-element standaarden met gepaste concentraties. 
Daarna werd de scheidingsmethode gevalideerd m.b.v. een echt SNF staal en een gecertificeerd 
bodemreferentiemateriaal (IAEA-375). Pu in het staal werd geoxideerd tot Pu(VI) door 40 nM 
KMnO4 toe te voegen 12 h voorafgaand aan de injectie in het HPIC toestel. In de finale 
scheidingsmethode worden Pu en U geëlueerd als ongeladen plutonyl- en uranylnitraat 
complexen door gebruik van een gradiënt van 1 – 0.75 M HNO3. Daarna werden de kolommen 
gewassen met water voorafgaand aan een gradiëntelutie van de lanthaniden in 0.10-0.15 M 
oxaalzuur dat vooraf door toevoeging van ammoniumhydroxide oplossing op een pH-waarde 
van 4.5 werd gebracht. Hierbij elueerden lanthaniden als negatief geladen oxalaatcomplexen, 
in volgorde van dalende ionenstraal, d.i. van lantaan naar lutetium. De finale 
scheidingsmethode leverde resoluties op tussen 1 en 1.7 voor de individuele pieken van 
lanthaniden en effectieve isolatie van Pu, U, Nd en Gd werd bereikt in minder dan 60 minuten 
per staalinjectie. Alle analietelementen elueerden als een enkelvoudige piek, geschikt voor het 
berekenen van isotopenverhoudingen. Detectielimieten voor enkele belangrijke nucliden waren 
0.015, 0.065, 0.055, en 0.050 µg·L-1 voor respectievelijk 242Pu, 238U, 146Nd en 157Gd. Bovendien 
bleek de scheidingsmethode geschikt voor zowel SNF als de bodemmatrix. 
De tweede deeldoelstelling vereiste optimalisatie van de SF-ICP-MS data-acquisitieparameters 
met het oog op het bekomen van isotopenverhoudingen uit de transiënte signalen van Pu, Nd 
en Gd nucliden, met de best mogelijke precisie. De transiënte signalen van de uraniumnucliden 
waren niet geschikt voor het bepalen van isotopenverhoudingen wegens hun te hoge intensiteit 
door hun zeer hoge concentratie in SNF stalen. Daarom werd het kolomeffluent tijdens de elutie 
van U apart opgevangen en later off-line geïntroduceerd in het SF-ICP-MS toestel d.m.v. 
continue verstuiving, waarbij data-acquisitieparameters gebruikt werden die in een voorgaande 
studie optimaal bleken voor dit type monster. Voor optimalisatie van de bepaling van 
isotopenverhoudingen van Pu, Nd en Gd uit transiënte signalen werden herhaaldelijke injecties 
van dezelfde Nd standaardoplossing met natuurlijke isotopische samenstelling gebruikt. Het 
effect van verschillende data-acquisitieparameters, nl. van het mass window (2, 25, 50 en 150 
%), de dwell time (10 en 30 ms) en aantal te monitoren isotopen (2 en 7), op de accuraatheid en 
precisie van isotopenverhoudingen werd onderzocht. Een mass window van 25 %, 20 punten 
per piek en een dwell time van 10 ms bleken de optimale instellingen voor het verkrijgen van 
isotopenverhoudingen uit de transiënte signalen. Bovendien werden drie methoden voor de 
berekening van isotopenverhoudingen uit transiënte signalen vergeleken inzake accuraatheid 
en precisie, nl. linear regression slope (LRS, richtingscoëfficiënt van de lineaire regressie), 
point-by-point (PbP, punt per punt) en peak area integration (PAI, integratie van 
piekoppervlak). Hoewel de drie berekeningswijzen resulteerden in gelijkaardige 
isotopenverhoudingen, werden de beste precisie (herhaalbaarheid) bekomen met de PAI 
methode, wanneer 50 % van de chromatografische piek werd geïntegreerd. Het is duidelijk dat 
in de PAI methode het negatieve effect van sequentiële meting van nucliden op de precisie 
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geëlimineerd wordt, in tegenstelling tot bij de PbP en LRS methoden. Bovendien sloten de 
experimentele precisies van de Nd isotopenverhoudingen verkregen bij een mass window van 
25 %, waarbij enkel de vlakke top van de spectrale piek wordt gebruikt voor de berekeningen, 
en PAI als berekeningsmethode het beste aan bij de theoretische precisie bekomen op basis van 
de Poissonverdeling. Een correctie voor massadiscriminatie werd toegepast op alle bekomen 
isotopenverhoudingen, m.b.v. interne correctie via het lineaire model en externe correctie met 
een standaard gemeten in een “sample-standard bracketing” sequentie, waarbij afwisselend 
een staal en een standaard geïnjecteerd worden. Daarnaast werden alle intensiteiten vooraf 
automatisch gecorrigeerd voor de dode tijd van de detector.  
In de derde deeldoelstelling werd de isotopendilutieprocedure geoptimaliseerd voor het on-line 
bepalen van de elementaire massafracties van Pu, Nd en Gd in twee types SNF. Spikes en 
KMnO4 werden minstens 12 uur voorafgaand aan de analyse toegevoegd aan de monsters, zodat 
isotopisch evenwicht en oxidatie van Pu naar Pu(VI) kon bereikt worden. In het gemengde staal, 
alias de blend, werd de verhouding van het aantal nucliden van analiet- tot referentie-isotoop 
gekozen ofwel dichtbij een waarde van één, ofwel bij een waarde die aanleiding gaf tot een 
minimale foutenpropagatie, wat de precisie ten goede komt. Het betreft hier de volgende 
verhoudingen: n(148Nd)/n(146Nd), n(242Pu)/n(239Pu), n(233U)/n(238U) en n(157Gd)/n(156Gd). De 
elementaire massafracties van Nd, Pu en U in UOx kernbrandstof werden in drievoud bepaald 
d.m.v. isotopendilutie HPIC-SF-ICP-MS. Relatief ten opzichte van de resultaten bekomen met 
de ISO 17025 geaccrediteerde isotopendilutie TIMS en alfaspectrometrie methode bedroegen 
de elementaire massafracties respectievelijk 98.5, 100.7 en 98.5 %. In Gd-gedopeerde 
kernbrandstof werden elementaire massafracties van Gd, Pu en U, eveneens in drievoud 
bepaald, en werden gehaltes van respectievelijk 100.01, 100.11 en 100.1 % ten opzichte van de 
elementaire massafracties bekomen met TIMS en alfaspectrometrie gevonden. Bepaling van 
het Nd gehalte in de Gd-gedopeerde kernbrandstof werd bemoeilijkt door de detectielimiet van 
de methode en het lage aantal fissies dat had plaatsgevonden in deze kernbrandstof. De bepaling 
van 238Pu in het UOx kernbrandstofstaal was niet mogelijk omwille van de lage concentratie in 
het staal en het verhoogde achtergrondsignaal op m/z = 238. Een goede overeenkomst tussen 
de met HPIC-SF-ICP-MS en TIMS + alfaspectrometrie bekomen nuclideconcentraties werd 
vastgesteld, met een gemiddeld verschil van ± 2 % en een maximaal verschil van 11 %. In het 
programma ‘R’ werd een programmeercode opgesteld voor de snelle berekening van de 
isotopische samenstelling (m.b.v. isotopenverhoudingen) en de massafractie (m.b.v. 
isotopendilutie) van Nd uit de chromatografische data gegenereerd door de HPIC-SF-ICP-MS 
opstelling. De automatisch berekende resultaten voor de elementaire massafractie m.b.v. de 
programmeercode in R stemden binnen ± 0.5 % overeen met de manueel berekende resultaten 
m.b.v. Microsoft Excel. De programmeercode in R zal nog uitgebreid worden, zodat ook 
nuclide-specifieke en elementconcentraties van Pu, U en Gd automatisch kunnen berekend 
worden, en er ook een meetonzekerheid gegenereerd wordt. 
Om de totale meetonzekerheid op de resultaten verkregen via isotopendilutie HPIC-SF-ICP-
MS te berekenen (de laatste deeldoelstelling van dit werk), werd een bottom-up benadering 
toegepast volgens de Eurachem/CITAC handleiding CG4. Hiervoor werd gebruik gemaakt van 
het GUM Workbench computerprogramma. De correctie voor massadiscriminatie (≈1 %) en de 
meting van de isotopenverhoudingen zelf (≈95 %) vormden de belangrijkste bijdragen tot de 
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totale meetonzekerheid. De geëxpandeerde onzekerheden op de elementaire massafracties van 
Nd in UOx kernbrandstof en van Gd in Gd-gedopeerde kernbrandstof waren kleiner wanneer 
ze bepaald werden met de nieuwe on-line isotopendilutie HPIC-SF-ICP-MS methode dan met 
de gevestigde TIMS methode. Het omgekeerde werd echter vastgesteld voor Pu. Tot slot,voor 
U werden hoge geëxpandeerde onzekerheden (bijna 6 %) op de massafracties bekomen m.b.v. 
de off-line isotopendilutie HPIC-SF-ICP-MS methode, als gevolg van de bijna 200-voudige 
verdunning van de U fractie. Met TIMS en alfaspectrometrie kunnen eveneens kleinere 
onzekerheden op de nuclide-specifieke concentraties, door het bepalen van 
isotopenverhoudingen in ongespiked SNF staal, verkregen worden dan met de HPIC-SF-ICP-
MS. Een uitzondering hierop werd vastgesteld voor de meeste Pu nucliden en twee Nd nucliden 
(142Nd en 148Nd) in het UOx kernbranstofstaal. 
Over het algemeen kan gesteld worden dat de isotopendilutie HPIC-SF-ICP-MS methode een 
snelle, veilige, precieze en accurate methode is om SNF monsters te karakteriseren in slechts 
drie dagen tijd: één dag voor de isolatie van U, dat afzonderlijk wordt opgevangen, Pu, Nd en 
Gd en de on-line bepaling van Pu, Nd en Gd, een tweede dag voor de off-line meting en de 
berekening van de resultaten voor U en voor één ander element (Pu, Nd of Gd), en een derde 
dag voor het berekenen van de resultaten voor de tweeresterende elementen en rapportering. 
Eens de programmeercode in R uitgebreid is en ook de andere elementen omvat, kan de 
berekening van de resultaten voor alle elementen uitgevoerd worden in minder dan één uur, 
waardoor de totale analysetijd beperkt wordt tot slechts twee dagen. 
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